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Neurogranin (Ng) is a brain specific, postsynaptic protein kinase C substrate. Rat Ng 
cDNA codes for a 78 amino acid protein which contains a conserved IQ motif that 
defines the overlapping region of CaM binding domain and PKC recoginition domain. 
Ng could be phosphorylated by PKC at Ser36 site, it binds CaM in the absence of 
Ca2+ and it could be oxidized at four cysteine residues. Ng phosphorylation and 
oxidation abrogates Ng-CaM interaction. Ng phosphorylation is increased after 
induction and during maintenance of long-term potentiation (LTP), the well accepted 
physiological model for learning and memory and Ng knockout mice displayed 
impairment in spatial learning and hippocampal long-term and short-term plasticity. 
Evidences show Ng expression is developmentally regulated and Ng is mainly 
expressed in the cell bodies and dendritic processes of neurons in neostriatum, 
neocortex and hippocampus. In order to explore the physiological function Ng in 
mammalian cells, we overexpressed Ng and its variants (S36A, S36D and I33Q) in 
fusion with Enhanced Green Fluorescence Protein (EGFP) in HEK293 cells and 
investigated their cellular localization and their responses to PKC activator (PMA) 
treatment. We constructed pEGFP-Ng and pcDNA-Ng plasmids and their mutants 
respectively. Our results showed EGFP-Ng wild-type localized to both the cytoplasm 
and the nucleus, with significantly higher intensity in the nucleus, which was 
consistent with the results obtained from pcDNA-Ng wild-type transfected HEK cells. 
However, no observable difference was detected between the distribution patterns of 
 vi 
Ng wild-type and the mutants, indicating neither Ser36 nor Ile33 are critical residues 
for the nuclear localization. Also the nuclear localization of Ng did not change 
following PMA treatment, implying that Ng may be phosphorylated locally by 
specific PKC isoform moving into the nucleus from the cytosol. The discovered 
intense nuclear localization may suggest a possible function of Ng in the nucleus. 
Secondly, since ERK MAPK pathway has increasingly emerged as an important 
component of many forms of synaptic plasticity and memory formation, relationship 
between ERK pathway and Ng was studied. In EGFP-Ng transfected cells, PMA 
induced a higher increase in phosphorylated ERK1/2, suggesting PMA induced 
PKC-mediated Ng phosphorylation contributes to ERK activation in the cells. Finally, 
Isotope-Coded Affinity Tags (ICAT) analysis on global protein profiling of Ng 
expressed mouse neuroblastoma N2A cells (N2A-Ng) versus N2A control showed 40% 
of the downregulated proteins are associated with microtubules. Cell morphology of 
N2A-Ng cells showed far less neurites than the N2A control cells and serum 
withdrawal induced differentiation was far less in N2A-Ng cells than N2A control. 
These data suggested Ng may be linked to neurite formation by affecting expression 
of several microtubule related proteins. Our data demonstrated Ng localization in the 
nucleus in HEK293 cells and its phosphorylation contributes to ERK signaling. 
Besides, Ng may also participate in neur itogenesis processes.   
 
Keyword: Neurogranin, EGFP, localization, phosphorylation, ERK, ICAT, 
microtubule 
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INTRODUCTION 
1. Expression and localization of Neurogranin (Ng) 
1.1 Neurogranin cloning, homologs and gene structure  
Neurogranin is a brain specific, postsynaptic protein kinase C (PKC) substrate 
protein. It was first identified in a subtractive hybridization study designated to isolate 
mRNAs expressed in rat forebrain but not in the cerebellum (Watson et al., 1990). As 
the gene was derived from rat cortex-enriched cDNA clone 3, it was given the name 
RC3. Transcription of the rat RC3 gene gives two mRNA of 1.0 and 1.4 kb. RC3 
homologs have been identified from other animal species, including mice, bovine, 
goat, canary, cow and human (Watson et al., 1990; Baudier et al., 1991; Coggins et al., 
1991; Piosik et al., 1995; Mertsalov et al., 1996). The bovine homolog of rat RC3 is 
called Neurogranin (Ng). 
The rat RC3 cDNA codes for a 78 amino acid protein. The RC3/Ng gene 
consists of four exons and three introns. The first exon contains the entire 
5’-untranslated region and those coding for the N-terminal 5 amino acid; the second 
contains the remaining 73 amino acids and a short tail of 3’-untranslated region and 
the third and the fourth contain the remaining 3’-untranslated region. Like the 
promoters of many other brain specific proteins such as PKC-r, synapsin I, amyloid 
precursor protein, PEP19, aldolase C and r-enolase, the promoter of Ng lacks TATA 
box or CCAAT box proximal to the transcription initiation site. However, Ng does 
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contain some putative transcription factor binding sites, such as AP1, AP2, SP1, SRE 
and NR-E1 (Sato et al., 1995). Several cis-acting regulatory elements such as 
response element for retinoic acid and steroid hormone receptor have also been 
identified (Iniguez et al., 1994). In addition, there is structural similarity in the 
sequence (around 1.7 kb) upstream from the transcription initiation site between Ng 
and PKC-r, which is a conserved AT-rich segment of 10 bp or more. This phenomenon 
could explain why Ng and PKC-r share high resemblance in subcellular localizations 
and the pattern of expression during development (Yoshida et al., 1988; Sato et al., 
1995).  
The human Ng homolog, NRGN was cloned from a human fetal brain library 
and its mRNA was about 1.3 kb in length in a single transcript compared to two 
transcripts in rat and mouse as well. The protein sequence of NRGN and rat RC3 only 
differ in three amino acid residues out of the total 78 residues. The promoter of 
NRGN gene also lacks TATA and CAAT boxes and the 5’-flanking region contains 
multiple putative binding sites for transcription factors, like Sp1, GCF, AP2, and 
PEA3 (Martinez et al., 1997). The sequence homology in NRGN exon 4 revealed that 
the (A)34 tail in rat Ng gene is shortened to (A)6, which might be related to the fact 
that a single mRNA is detected in human brain as in rat Ng, 1.0 kb mRNA was 
thought to be produced from 1.4 kb mRNA by processing of the (A)34 tail (Watson et 
al., 1990). In contrast to the rat RC3, there are no obvious responsive elements for 
glucocorticoids or retinoids in the NRGN gene, which suggests different hormonal 
regulation in rats and in humans.  
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1.2 Calpacitin family and its members  
Because of the conserved calmodulin-binding domain and thereby the abilities 
to regulate free calmodulin availability, the name “Calpacitin” was given to a family 
of brain expressed proteins including neurogranin, growth associated protein 43 
(GAP-43) and the small cerebellum-enriched peptide, PEP-19. All these proteins 
share IQ domain proposed by Espreafico (1992), which is homologous to the 
CaM-binding domains of several other proteins. In the model proposed by Gerendasy 
(1997), RC3 and GAP-43 regulate calmodulin availability in dendritic spines and 
axons, respectively, and calmodulin regulates their ability to amplify the mobilization 
of Ca2+ in response to metabotropic glutamate receptor stimulation. Furthermore, the 
capacitance of the system is regulated by PKC phosphorylation via abrogating 
calmodulin binding and the ratio of phosphorylated to unphosphorylated RC3 can 
determine the sliding Long-Term Potentiation/Long-Term Depression (LTP/LTD) 
threshold in concert with Ca2+/ calmodulin-dependent kinase II by this model.  
 
1.3 Ng expression during development and subcellular localization in the brain 
1.3.1 Expression pattern during development 
It has been found that Ng synthesis is developmentally regulated. Ng mRNA 
could firstly be detected as early as embryonic day 10 (E18) by Northern Blot, 
reaching a maximum around postnatal day 10-15 (P10-15) (Watson et al., 1990). In 
parallel, Ng protein appeared for the first time at E18 in the amygdala and the 
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piriform cortex and increased to the peak around P14 by immunohistochemical 
detection and immunoblots (Represa et al., 1990; Alvarez-Bolado et al., 1996) and 
remained abundant throughout the adult life until aging.  
 
1.3.2 Subcellular localization of Ng 
A large body of evidences showed that RC3 is mainly expressed in the cell 
bodies and dendritic processes, especially dendritic spines and shafts of neurons in 
neostriatum, neocortex and hippocampus (Represa et al., 1990; Watson et al., 1992; 
Neuner et al., 1996).  
In addition,  Ng protein could also be observed to be associated with 
eurochromatin in the nucleoplasm in a subset of neostriatal neurons, which may 
suggest its possible role of transcription regulation (Watson et al., 1992). More 
recently, some research groups have found Ng is expressed in spinal cord and in 
cerebellum (Houben et al., 2000; Higo et al., 2003), which adds more to the 
conventional view of Ng as a forebrain protein.  
Distribution of Ng in dendritic spines is very similar to protein kinase C (PKC) 
and Ca2+/CaM-dependent kinase II (CaMKII). Type I PKC (PKCa, PKCß and PKCr), 
like Ng is also developmentally regulated in terms of protein expression pattern and 
localization shift. CaMKII is associated with postsynaptic densities of asymmetrical 
axospinous junctions. The similarity in cellular distribution may suggest a possible 
role of Ng in PKC and CaMKII signal transduction pathways at the postsynapses. 
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1.4 Thyroid hormone regulation of Ng expression 
Ng is among the few known neuronal genes whose expression can be 
influenced by thyroid hormone level in the brain. Thyroid hormone regulates many 
biochemical parameters of brain function and thyroid hormone deprivation during the 
fetal and neonatal periods could lead to deleterious effects (Dussault et al. 1987). 
Northern blot and immunoblotting in cerebral cortex, striatum, and hippocampus  
showed marked decrease in Ng mRNA level and protein level in hypothyroid rats 
(Iniguez et al., 1993). This decrease in steady state of Ng expression could be reversed 
by administration of thyroid hormone T4 to the hypothyroid treated rats. However, 
hypothyroidism did not affect the developmental pattern of Ng. Besides the postnatal 
developmental periods, Ng expression was also reversibly decreased in the adult 
hypothyroid brain (Iniguez et al., 1992). Since it has been accepted that in humans 
“critical period” in development occurs perinatally and hypothyroidism during this 
time interval can result in severe mental retardation, Ng is considered a molecular 
correlate for such symptoms as learning deficits and memory loss in adult hypothyroid 
humans.  
Despite the dependence of Ng expression on thyroid hormone, no thyroid 
hormone responsive element was found in the rat Ng gene. However, a  T3 thyroid 
hormone receptor-binding site was detected in the human NRGN gene within the first 
intron, 3000 bp downstream from the origin of transcription. The sequence 
GGATTAAATGAGGTAA was closely related to the consensus T3-responseive 
element of the direct repeat (DR4) type (Martinez et al., 1999). The same group 
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further discovered a sequence adjacent to the TRE binds a nuclear protein which 
interferes with T3 transactivation (Morte et al., 1999).  
 
1.5 Molecule transport of Ng in neurons 
1.5.1 Transport of Ng in the neurons during development 
It was shown (Alvarez-Bolado et al. 1996) that Ng immunoreactivity 
undergoes a significant spatial transfer from the cell bodies to the neuropil where new 
synapses are formed in most telencephalic areas during the second postnatal week in 
rats. In previous reports of Ng in adult rat striatum, a predominant localization in 
dendritic spines and shafts were observed. So it implies that Ng translocates to the 
dendritic region during the second postnatal week to serve functions.  
 
1.5.2 Ng messenger RNA trafficking in CNS 
In the cells localized transcripts provide functional specificity within given 
compartments and they typically contain cis-acting sequences in the 3’UTRs which 
can interact with trans-acting factors for appropriate localization and translational 
regulation.  A great deal of research has been done on the mechanism of mRNA 
localization and synthesis in neuronal processes. For example, the myelin basic 
protein mRNAs of oligodendrocytes have a 21-nucleotide signal in the 3’UTR which 
can bind hnRNPA2 to guide its transport (Hoek et al., 1998). Microtubule-associated 
protein 2a (MAP2a) is dendritically distributed and the localization of its mRNA 
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requires a 640-nuceotide dendritic targeting element in the 3’UTR in hippocampal 
and sympathetic neurons (Blichenberg et al., 1999). In Mori’s study (2000), a RNA 
targeting element in the 3’UTR of dendritically targeted aCaMKII was studied, which 
was also confirmed by Pinkstaff et al. (2001). Primary hippocampal neurons were 
transiently transfected with GFP reporter gene fused to various deletions of the  
aCaMKII 3’UTR and the distribution of each transcript was analyzed using antisense 
probe to the GFP open reading frame. The results revealed that the 94 nucleotides in 
the 5’ end of the 3’UTR is able to target the fused transcript to extrasomatic regions of 
cultured neurons. It was also suggested that there may be a cis-acting suppressor in 
the 3’UTR inhibiting dendrtic targeting at resting neurons and activity- induced 
depression of this suppressor may be critical for transport. Meanwhile, the 3’UTR of 
rat Ng gene was also studied and a similar cis-acting element was found for Ng 
mRNA targeting. Sequence homology between aCaMKII 3’UTR and Ng 3’UTR 
identified showed a conserved segment 5’-C(G,C)CAGAGATCCCTCT-3’ which is 
also homologous to RNA transport signal required for myelin basic protein mRNA 
transport in oligodendrocyte processes and whose deletion led to failure of 
localization of aCaMKII and Ng to the dendrites. This finding suggests that these two 
important proteins in learning and memory may share some common mechanism in 
molecular localization regulation.  
 
1.5.3 Dendritic translocalization of Ng mRNA in normal aging and brain diseases 
In Chang et al.’s study (1997b), Ng translocalization mRNA was detected in 
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cerebral cortex from normal humans and from patients with Alzheimer disease (AD) 
and fronto-temporal dementia (FTD). In the normal humans, the Ng mRNA was 
robustly stained in dendrites of the neocortex by digoxigenin in situ hybridization 
(DIG-ISH), however, the AD patients got no dendritic targeting of Ng mRNA in 
neocortex tissue. But dendritic targeting of Ng in the FTD patients was preserved. The 
data indicate the importance of synapse integrity and dendritic cytoskeleton for Ng 
targeting in human neocortex. 
  
1.5.4 Evidence for local translation of Ng in dendrites of neurons  
The existence of ribosomes, tRNA and other components of translation 
machinery in dendrites has made people think about the possibility of local protein 
synthesis in response to neuronal activity. As Ng mRNA seems to translocate to 
dendritic processes during early developing age and Ng is important for LTP which 
requires new protein synthesis, it reasonably becomes one target of research interest 
in local translation in dendrites.  
The internal ribosome entry sites (IRESes) within 5’ leader sequences of five 
dendritically localized mRNAs including activity regulated cytoskeletal protein 
(ARC), a subunit of CaMKII, dendrin, microtubule-associated protein 2 (MAP2) and 
Ng were investigated (Pinkstaff et al., 2001). It was shown that translation of the 
luciferase mRNA containing the 5’ leader sequence of the five genes occurred by both 
cap-dependenct and cap- independent mechanisms. The cap- independent translation of 
all five leader sequences is via the functional IRESes. The IRES of Ng, in particular 
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was analyzed in primary hippocampal neurons. With the inclusion of Ng 3’UTR, the 
dicistronic mRNA, ECFP-IRES/Ng-EYFP was found in the dendrites and locally 
translated both cap-dependently and cap-independently. By comparing the 
EYFP/ECFP fluorescence ratio in cell bodies and dendrites, the authors found the 
ratio was higher in the dendrites meaning that IRES mediated cap- independent 
translation was more active in dendrites than in cell bodies. Thus, it is possible that 
IRES may mediate local translation of dendritically localized mRNAs under various 
conditions such as neuronal stimulation in the synapses where ribosomes and 
translation initiation factors are limited.  
 
1.5.5 Techniques for studying protein trafficking in primary neurons 
The rapid advances in molecular and cell biology have enabled 
neurobiologists to study protein trafficking in living neuronal cells. People can 
maintain primary neuron in culture dishes for as long as several weeks and exogenous 
proteins may be expressed in the cultured neurons by a variety of transfection 
approaches, such as DNA biolistics, viral vectors, intranuclear microinjection and 
conventional approaches including calcium phosphate precipitation, liposome-based 
methods and electroporation. 
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2. Biochemical and biophysical properties of Ng 
2.1 Ng phosphorylation and CaM binding domain 
Based on the properties of being soluble in 2.5% perchloric acid (PCA), the 
Ng protein was purified from the bovine brain which has a molecular mass of 7.837 
kDa determined by electrospray mass spectrometry. However, on SDS-PAGE gels the 
protein monomer migrated as a Mr 15-18 kDa species dependent on concentration of 
the gel in the presence of reducing agent (Baudier et al., 1991).  
Ng could be phosphorylated by PKC in vitro in the presence of calcium and 
phospholipids and as well be phosphorylated in vivo in adult rat hippocampal slices by 
incubation with 32P-labeled orthophosphate or phorbol ester 12-myristate 13-acetate 
(PMA) treatment. The phosphorylation site of Ng is Ser36 which was determined by 
automatic sequencing of major radioactive tryptic peptide after trypsin digestion of the 
phosphorylated protein. In addition, none of the Ser36 mutants of Ng served as PKC 
substrates, confirming the residue as PKC phosphorylation target site. In Ng protein 
sequence, there is still another putative phosphorylation site Ser10, which lies in a 
putative casein kinase II domain; however, Ng could not be phosphorylated by casein 
kinase II. The other known kinase being able to phosphorylate Ng is 
synapse-associated Ca2+-dependent phosphorylase kinase, which also targets Ser36 
(Paudel et al., 1993) and it could also phosphorylate GAP43 on the same site as PKC. 
Phosphorylation of Ng and GAP43 both could be reversed by calcineurin and protein 
phosphatases 1 and 2A (Seki et al. 1995) 
As GAP43 binds to a calmodulin-Sepharose column in the absence of calcium, 
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Ng was found to have the same feature of calmodulin binding in the absence of Ca2+. 
Calmodulin is found to be the only protein interacting with Ng in vivo by yeast-two 
hybrid assay in a rat brain library (Prichard et al., 1999). This interaction also resulted 
in inhibition of Ng phosphorylation by PKC (Baudier et al., 1991). What’s more, 
phosphorylated Ng abrogated the interaction of Ng to CaM-sepharose. Purified 
recombinant variant of Ng Ser36Asp (S36D) which mimicks the phosphorylation 
status did not interact with CaM-sepharose. To analyze the residues important for 
CaM binding in Ng, sequence variants around Ser36 were studied. Under 
physiological ionic conditions, S36A exhibited a higher affinity for CaM than wild 
type in the absence of Ca2+ but a similar affinity in the presence of Ca2+; F36W 
showed a higher affinity to CaM in the absence or presence of Ca2+ whereas S36D 
abolished all interaction. Based on these data, a model was proposed about Ng-CaM 
interaction (Gerendasy et al., 1997). At low [Ca2+], Ng and CaM bind as a low affinity 
complex which undergoes a transition to a high affinity form. A Ca2+ influx destroys 
the high affinity form, but the low affinity complex releases Ca2+/CaM slowly. If Ca2+ 
rises too fast, the dissociation of Ng-CaM occurs. Thus, Ng acts as a CaM capacitor, 
releasing Ca2+/CaM gradually or quickly depending on the size and duration of a Ca2+ 
influx.  
 
2.2 Relationship between Ng and GAP43 
Comparison of the whole protein sequence between Ng and GAP43 revealed a 
highly conserved IQ motif AA(X)KIQASFRGH(X)(X)RKK(X)K, which includes the 
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Fig.1. IQ motif of RC3/Ng and GAP-43. IQ motif is the rectangle indicated by 
asterisk with the conserved phosphoryltion S; CaM binding domain and PKC 
recognition domain are marked. Rectangles encircle the conserved amino acids 
between RC3 and GAP43 (Adapted from Gerendasy et al., 1994) 
 
Both Ng and GAP43 are brain-specific PKC substrates in vitro and in vivo 
(Alexander et al., 1988; Baudier et al., 1991; De Graan et al., 1993; Ramakers et al., 
1995). In addition to high solubility in 2.5% perchloric acid and abnormality in 
electrophoretic migration (Baudier et al., 1989, 1991), they both interact with 
calmodulin in a Ca2+-dependent manner. Phosphorylation of Ng or GAP43 by PKC 
abrogates all detectable interactions between these proteins and CaM (Gerendasy et al., 
1994, 1995). 
On the other hand, Ng and GAP43 have distinct subcellular distribution in 
neurons as Ng is mostly found in the postsynaptic loci whereas GAP43 is located 
presynaptically. Despite that both Ng and GAP43 share a pair of cysteines at their 
N-termini, only the cysteines in GAP43 could be palmitylated which may account for 
its axonal targeting and tight association with the  cytoplasmic side of the growth cone 
membrane (Skene and Virag, 1989; Liu et al., 1993); Ng, not palmitylated is localized 
primarily in the cytosol (Watson et al., 1994). 
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Considering the striking similarity in biochemical properties of Ng and GAP43 
and corresponding localization in synapses, the functions of both proteins have been 
proposed to sequester calmodulin at the nerve  terminals  and release it in response to 
intracellular Ca2+ increase so that many processes requiring Ca2+/CaM related enzyme 
activity could be activated (Gerendasy and Sutcliffe, 1997). The physiological 
functions of GAP43 include aspects of neurite growth, neurotransmitter release and 
neural plasticity; in contrast, information coming from the Ng knockout mice 
indicates Ng is closely associated with LTP formation and spatial learning although its 
physiological functions are still not clear.  
 
2.3 Ng Oxidation 
In addition to phosphorylation, oxidation and reduction also provide important  
regulatory mechanisms for activities of cellular proteins. In rat Ng protein sequence, 
there are 4 cysteine residues, Cys3, Cys4, Cys9 and Cys51 outside of the IQ motif 
which could be targets for oxidants. It has been determined that Ng can be oxidized in 
vitro by H2O2, o-iodosobenzoic acid (IBZ) and such NO donors as 
1,1-diethyl-2-hydroxy-2-nitrosohydrazine DEANO and sodium nitroprusside (SNP) 
(Sheu et al., 1996). N-methyl-D-aspartate (NMDA) induced a rapid and transient Ng 
oxidation in rat brain slices suggesting that Ng redox plays a role in NMDA-mediated 
signaling pathways and that there are enzymes in the brain to oxidize and reduce Ng 
(Li et al, 1999). The oxidized Ng forms intramolecular disulfide bonds as detected by 
increased migration on SDS-PAGE. Among the 4 cysteines, Cys51 is critical for 
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disulfide formation and the relative reactivity of the other 3 cysteines to form disulfide 
bond is Cys9>Cys4>Cys3 (Mahoney et al., 1996). The abilities of the oxidized Ng to 
be phosphorylated by PKC or to bind to CaM-sepharose were both significantly 
decreased. Conversely, CaM binding to nonphosphorylated Ng in the absence of Ca2+ 
prevents oxidation by NO (Sheu et al., 1996). As Ng was assayed to be one of the best 
nitric oxide (NO) acceptors and Ng could regulate CaM-dependent nitric oxide 
synthase activity through sequestration of CaM, it suggests a possible role of Ng in 
NO-mediated processes in vivo. In addition, Ng can also be glutathiolated by oxidized 
glutathione derivatives. The glutathiolated Ng is a poor substrate of PKC but remains 
the equivalent binding affinity to calmodulin (Li et al., 2001).  
 
2.4 Structural properties of Ng and Ng-CaM complexes 
Structural study of the peptide corresponding to rat Ng residue 28-43 indicated 
the peptide existed primarily in random form with a nascent helical structure at the 
central region in aqueous solution but it is induced to an a-helix structure in the 
presence of a SDS micelle (Chang et al., 1997a). When CaM binds to Ng, it stabilizes 
the a-helix of Ng only in the absence of Ca2+ (Gerendasy et al., 1995). The NMR 
studies using full length rat Ng protein indicated the 9 residues located N-terminal to 
IQ motif have a greater tendency of forming a helix than the IQ motif itself.  
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2.5 Physiological relevance for Ng phosphorylation and oxidation  
2.5.1 Phosphorylation level of Ng in living cells 
In many cases, the ratio of phosphorylated form to dephosphorylated form of a 
protein in cells represents its biological activity and further physiological function. 
However, biochemical techniques for measuring protein phosphorylation state are 
always indirect as in vitro detection by 32P labeling only represents 
non-phosphorylation level in vivo and phosphorylation antibody only detects 
phosphorylation level. Di Luca et al. (1996) analyzed both forms of Ng and GAP43 
from PCA extracts using electrospray mass spectrometry (HPLC-ES/MS), showing 
that in rat cortex and hippocampus both proteins were present as phosphoproteins and 
phosphorylated Ng was around 73% of the total. 
 
2.5.2 Relationship between Ng phosphorylation and Long-term potentiation 
(LTP), Long-term depression (LTD) 
LTP is defined as a long- lasting strengthening of synaptic efficiency and 
widely accepted experimental model for studying the activity-dependent enhancement 
of synaptic plasticity (Bliss and Collingridge, 1993). LTD, on the other hand is a 
lasting decrease in synaptic effectiveness. LTP has been employed as a model to 
investigate molecular mechanism of memory formation. Phosphorylation of both Ng 
and GAP43 were increased after LTP induction and during LTP maintenance in CA1 
region of rat hippocampus (Gianotti et al., 1992; Chen et al., 1997). Injection of Ng 
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antibodies which inhibit Ng phosphorylation by PKC to CA1 pyramidal neurons in rat 
hippocampal slices prevented the induction of tetanus- induced LTP (Fedorov et al., 
1995). Pharmacological data showed that NMDAR and mGluR stimulation could 
result in an increase in the in situ phosphorylation of GAP-43 and RC3/neurogranin 
(Pasinelli et al., 1995; Rodriguez-Sanchez et al., 1997). On the contrary, activation of 
glutamate receptors and depolarization failed to affect Ng phosphorylation in PKC-r 
knockout mice which performed poorly in spatial learning tasks and had impaired 
hippocampal LTP (Ramakers et al., 1999). 
Although phosphorylation of both Ng and GAP43 increase after induction of 
LTP, there is temporal difference apart from the spatial difference. By using 
quantitative immunoprecipitation following 32Pi labeling, Ramakers et al. (1995) 
found in CA1 field of rat hippocampal slices that GAP43 phosphorylation was 
increased from 10 to 60 min but no longer at 90 min after LTP induction and Ng 
phosphorylation only occurred at 60 min. The phosphorylation increase could be 
blocked by application of NMDAR antagonist D-2-amino-5-phosphonovalerate 
(AP5).  
On the contrary, during low frequency induced LTD which is thought to be 
NMDAR dependent and requires increase in postsynaptic [Ca2+]i and increase in 
phosphatase activity, phosphorylation of both Ng and GAP43 underwent transient 
(<30 min) decrease which indicates a transient increase in pre- and postsynaptic 
phosphatase activity (Ramakers et al., 2000). In the other study employing low 
concentration of NMDA (20 mM; 3 min) to induce LTD, the chemical protocol 
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resulted in a long- lasting (>60 min) decrease in synaptic efficacy and a concomitant 
reduction in RC3 phosphorylation, but GAP43 was not affected (Van Dam et al., 
2002).  
 
2.5.3 Physiological relevance for Ng oxidation 
NMDA can induce rapid and transient Ng oxidation in rat brain slice, in which 
the oxidation reached the maximum at 3-5 min and returned to the baseline within 30 
min. This effect was blocked by NMDAR antagonist AP5 and also by NO synthase 
inhibitor. Like Ng phosphorylation, the redox of Ng is involved in NMDA-mediated 
signaling pathways and can be regulated by oxidants in vivo (Li et al., 1999). These 
data lead to the speculation that the redox state of Ng may also modulate the activities 
of CaM-dependent enzymes through regulation of CaM level in the neurons.  
 
3. Ng knockout and its functional roles 
In order to explore the functional role of Ng in learning and memory Ng 
knock-out mice have been generated by many research groups. Pak et al. (2000) 
reported that Ng deletion in mice did not show obvious developmental or 
neuroanatomical abnormalities but had significant impairment in 
hippocampus-dependent spatial learning paradigm as well as changes in the induction 
of hippocampal long-term and short-term plasticity. CaMKII binds Ca2+/CaM 
complex and the activated CaMKII can modulate gene expression, ion channel 
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conductance, neurotransmission and synaptic plasticity. In this study, quantitative 
immunoblots using antibody against Thr286-PO4 of aCaMKII which represents its 
autophosphorylation status revealed that the autonomous activity in hippocampus 
extracts of Ng KO mice was only half of that in WT mice and similar results were 
obtained when hippocampus slices of both KO and WT mice were treated with 
chemicals known to increase protein phosphorylation and oxidation (Pak et al., 2000). 
The results pointed to an important role of Ng in the generation of autonomous 
CaMKII in hippocampus. They thought the deficits observed in Ng KO mice is the 
results of disturbed regulation of neuronal Ca2+ and CaM level and functioning of 
downstream Ca2+/CaM-dependent enzymes. Therefore it was suggested that 
interaction between Ng and CaM may has an essential role in fine-tuned regulation of 
the Ca2+ signal in neurons. 
In a more recent paper on Ng KO mice (Huang et al, 2004), the relationship 
between hippocampal Ng content and behavioral performances in WT, heterozygous 
(HET) and KO mice was explored. Quantification of Ng concentration in the 
hippocampus of adult mice was shown to vary greatly, Ng+/+ around 1.2 to 2.8 µg/mg 
total protein and Ng+/- around 0.5 to 1.7 µg/mg whereas Ng-/- showed no detectable 
protein expression. It was shown in this paper that Ng-/- mice performed poorly in 
Morris Water Maze in comparison to Ng+/- and Ng+/+ but there was a significant 
correlation in HET mice between the hippocampal level of Ng and the performance. 
The authors explained why the correlation only occurred in HET but not in WT: in 
Ng+/+ hippocampus, Ng level has reached or already exceeded the threshold required 
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for normal spatial learning so that the performance capabilities did not differ much. 
Although there was no obvious difference of LTP in hippocampal slices from Ng-/- 
and Ng+/+ by high frequency stimuli (HFS) under induction protocol (3×100 Hz for 1 
sec at 10 min intervals) mentioned in the previous report (Pak et al, 2000), a milder 
protocol (1×100 Hz for 1 sec) did show significant decrease in LTP in Ng-/- mice. 
Besides, low frequency stimuli (LFS) treatment displayed a depression of LTD in 
Ng-/- to a lesser extent than that of LTP in Ng-/-. Ca2+ imaging data of Ca2+ transients 
in CA1 pyramidal neurons induced by HFS in both Ng+/+ and Ng-/- showed that a 
clearly weaker intracellular Ca2+ response in Ng-/- compared to Ng+/+ mice.  
From the reaction proposed in this paper (Fig.2), it could be seen that at any 
given Ca2+ influx a higher Ng concentration will result in a higher free [Ca2+]i. When 
[Ca2+]i is high enough, it will activate Ca2+-dependent PKC, which in turn 
phosphorylates Ng and activates adenylyl cyclase 2/7 that generates cAMP and 
activates PKA pathways. After being phosphorylated by PKC and oxidized by NO 
donor, free Ng concentration decreases so that the reaction favors the direction 
towards formation of Ca2+4/CaM and downstream Ca2+4/CaM-dependent enzymes 
such as CaMKII and adenylyl cyclase 1/8. In addition, phosphorylated and oxidized 


















Fig.2. Schematic representation of the role of Ng in the modulation of free Ca2+ 








CaMKII activation followed by intracellular Ca2+ increase after NMDAR activation 
during neuronal activity will affect downstream signaling proteins and pathways, 
including MAPK pathway, cAMP-responsive element-binding protein (CREB), both 
of which are important components for long-term memory formation. The 
autophosphorylated CaMKII can phosphorylate GluR1 subunit of AMPA receptor, 
resulting in an enhanced channel conductance (Derkach et al., 1999). In addition, 
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increased Ca2+/CaM also favors the activation of NOS, which generates NO to 
enhance the presynaptic transmitter release (Prast and Philippu, 2001) and depresses 
the GABAA receptor function (Zarri et al., 1994; Wexler et al., 1998). Taken together, 
Ng being able to regulate neuronal Ca2+ and Ca2+/CaM level acts as a rather upstream 
mediator to enhance synaptic efficacy by indirectly influencing the downstream 
signaling.  
However, Gerendasy’s work group (Krucker et al., 2002) showed Ng KO mice 
displayed enhanced LTP and lowered thresholds of LTP and LTD; but similar to the 
previous study autophosphorylation of CaMKII in hippocampus slices was attenuated. 
The divergence regarding LTP enhancement in Ng KO mice, the explanation may be 
the difference in the gene product expressed in mutant mice: in Huang group’s mutant 
mice Ng was completely replaced with LacZ whereas Gerendasy group’s mutant mice 
expressed a fusion protein of LacZ and the Ng N-terminal 30 amino acids whose 
effect was unknown.  
 
4. Ng modification and intracellular Ca2+ increase 
4.1 Ng phosphorylation and intracellular Ca2+ release 
The report on functional consequences of Ng expression in Xenopus oocytes 
(Cohen et al, 1993) was the first to explore the possible functiona lity of 
phosphorylated Ng. They injected a plasmid containing Ng cDNA into Xenopus 
oocytes which ectopically expressed Ng protein and Cl- channel currents evoked by 
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acetylcholine was detected in Ng expressed oocytes. They detected in the Ng 
expressed oocytes an enhanced inward Cl- current of both fast and slow components 
which are stringently dependent on intracellular Ca2+, suggesting Ng expression 
increased intracellular [Ca2+]i. Since acetylcholine receptor activation generates DAG 
which is PKC activator and IP3 which mobilizes intracellular Ca2+, they tested 
whether the changes in Cl- current amplitude was due to phosphorylation of Ng by 
PKC. Pretreatment of the Ng expressed oocytes with PKC inhibitor H-7 led to a drop 
of Cl- current to near control leve l. The Ng mutant in PKC phosphorylation site (Ser36 
to Gly) also reduced the acetylcholine-evoked currents, which confirmed the previous 
observation.  
In another similar study, mRNA for serotonin 5-HT2C receptor was coinjected 
with RC3 or RC3 variants, S36A, S36G, F37W or S36D mRNA (Watson et al., 1996). 
Exogenous serotonin binding to 5-HT2C receptor could couple to the oocyte’s pertussis 
toxin-sensitive G0 protein and evoke IP3/Ca2+ dependent inward Cl- current. The 
results showed RC3 wild-type and S36D significantly enhanced agonist- induced 
inward Cl- currents, whereas S36A, S36G and F37W could not. Statistically, the size 
of response elicited by RC3 wild-type and the variants were inversely related to their 
binding affinity for CaM: S36D>RC3>S36A>S36G>F37W. Additionally, because the 
amount of time RC3 or variants spend in the a-helical conformation is proportional to 
their affinity for CaM, the data suggest that CaM regulates the ability of RC3 to 
release internal stores of Ca2+ in response to G-protein coupled receptor stimulation by 
modulating the concentrations of the helical form (Gerendasy et al., 1997).  
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4.2 Ng oxidation and intracellular Ca2+ release 
The functional role of oxidized Ng was studied in a Ng expressed stable 
neuroblastoma cell line and changes of [Ca2+]i was monitored using calcium sensitive 
fluorescent dye fura-2 during Ng oxidation by NO donor, SNP (Yang et al., 2004). It 
was found that significant increase in [Ca2+]i occurred in Ng expressed cells after Ng 
was oxidized by SNP and that both intracellular release and extracellular influx of 
Ca2+ were involved, suggesting that Ng oxidation could also regulate Ca2+ 
mobilization.  
 
5. GFP and confocal fluorescence microscopy 
5.1 GFP discovery, physiological traits and structure  
The Green Fluorescence Protein (GFP) was first discovered in 1962 from a 
jellyfish Aequorea Victoria (Shimomura et al. 1962). With cloning of the GFP gene  
(Prasher et al., 1992), interest in this protein has grown tremendously. Since this 
pioneering work, people have modified the gene and created many other GFP mutants 
which can generate different color fluorescence, including blue, yellow and cyan.  
Before long, a red fluorescent protein has been found from deep sea coral.  
Wild-type GFP whose molecular weight is around 27 kD is excited by UV and 
blue light with the maximum absorbance peak at 395 nm and a minor peak at 470 nm 
and emits green light at 509 nm. The excitation and emission for enhanced GFP 
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(EGFP) is 488 nm and 509 nm respectively. Chalfie et al. (1994) demonstrated the 
capability of functional expression of GFP in bacteria and nematodes, which opens 
new gates for its promising application in cell, developmental and molecular biology. 
The structure of wild-type GFP is a typical ß-barrel, also called ß-can with 11 
anti-parallel strands on the outside of the compact cylinder and inside the cylinder 
structure there is an a helix, in the middle of which is the chromophore composed of a 
modified tyrosine side chain (Yang et al., 1996). 
 
5.2 Application of GFP in protein function studies 
The advantages of GFP folding into a functional fluorophore without specific 
cofactors and of the fluorescence being stable in the presence of denaturants and 
proteases as well as over a range of pH and temperatures make GFP an ideal reporter 
molecule for biological studies.  
 
5.2.1 Selection of cells for gene transfer and expression  
GFP can be used as the reporter in gene transfer and expression experiments, 
in which cells expressing GFP are sorted using flow cytometry and expanded for 
cloning. In contrast to conventional reporter genes such as ß-galactosidase, luciferase 
or chloramphenicolamino transferase (CAT), GFP allows cell detection in an 
unperturbed state and could be monitored consecutively over several days. Also, it 
displays advantages over characterizing cell lines through time-consuming protein 
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analysis.  
 
5.2.2 Protein localization 
Fusion of GFP to the gene of interest provides a major advance for studying 
intracellular localization and dynamics of proteins in living cells. In most cases, GFP 
reporter does not interfere with the normal functioning of the tagged protein. Using 
two different GFP mutants to tag two genes, people can compare the distribution and 
dynamics of the two protein products simultaneously in cells.  
 
5.2.3 FRET, FRAP and FLIP 
Several useful techniques have been discovered to aid in fluorescence-based 
protein study. Fluorescence energy transfer (FRET), is a distance-dependent physical 
process by which energy is transferred non-radioactively from an excited molecular 
fluorophore (the donor) to another fluorophore (the acceptor). It could be employed to 
study protein-protein association within a very small spatial range (100 Å) in living 
cells. Fluorescence recovery after photobleaching (FRAP) is used to measure the 
dynamics of labeled molecular mobility including diffusion and transport. In FRAP, 
fluorescent proteins in a defined area are irreversibly bleached by an intense laser 
flash and fluorescence recovery due to fluorophores that move from the surrounding 
into the bleached area is measured using an attenuated laser beam. Mobility 
parameters are then derived from the kinetics of fluorescent recovery. The third 
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technique is FLIP, Fluorescence loss in photobleaching. FLIP is the decrease or 
disappearance of fluorescence due to diffusion or any movement in the surrounding 
area during repetitive photobleaching in a defined area. Like FRAP, FLIP is also used 
to study dynamics of molecular mobility, including diffusion, transport or any other 
kind of movement.  
 
5.2.4 Time-lapse imaging 
Real time measurement of proteins in cells is sometimes needed in research to 
study the response cells to such cellular perturbations as drug treatment, temperature 
change and transport pathways. Therefore, GFP fusion protein provides an ideal tool 
for such research purposes. 
Fluorescence labeling with laser scanning confocal microscopy provides a 
very powerful combination to study and solve many biological questions in the cells 
and will continue to progress and prosper in the future.  
 
6. ERK MAPK pathway and its relations with learning and memory 
6.1 Introduction to ERK MAPK signaling pathways 
The mitogen-activated protein kinases (MAPKs) are a highly conserved 
Ser-/Thr-kinase family which plays important roles in intracellular signaling. So far in 
mammals the characterized MAPK pathways can be divided into three main 
superfamilies, 1) Extracellular signal-regulated kinase, ERK1 and ERK2; 2) c-Jun 
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NH2-terminal kinases (JNK), JNK1, 2 and 3; 3) p38 enzymes, including p38a, p38ß, 
p38? and p38d, 4) ERK5.   
ERK1/2 MAPK, also termed as p44/p42 MAP kinases specifically recognize  
and add phosphate to the Serine/Threonine immediately followed by a proline. The 
activated ERK can phosphorylate several substrate proteins with varying functions in 
directing gene transcription, membrane properties, cytoskeleton and apoptosis. The 
effectors of ERK include cytoskeletal proteins like MAP2 and Tau; nuclear proteins 
like c-Myc, c-Jun, c-Fos, Elk1, CREB/Elk binding protein, ATF-2; phospholipase A2 
and ribosomal S6 kinase (RSK) et al. ERK1 and ERK2 are closely associated with 
each other, and most biochemical experiments suggest ERK1 and ERK2 are 
functionally equivalent. But it is unclear why two ERK genes exist. However, there 
are genetic data of ERK1 and ERK2 knockout mice showing major difference: ERK1 
knockout mice are viable and appear to be neurologically normal whereas ERK2 
knockout mice are lethal at the embryonic stages (Selcher et al., 2001).  
 
6.2 ERK1/2 activation and localization 
ERK1 and ERK2 have been involved in cell proliferation and in homeostatic 
mechanisms in many cell types. Many different stimuli, including growth factors, 
cytokines, virus infection, ligands for G protein–coupled receptors, and carcinogens  
can activate the ERK1/2 pathways.  
At resting state, ERK1/2 are found primarily in the cytoplasm and in 
unstimulated cells ERK1 and ERK2 have also been found to being in and out of the 
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nucleus constantly. When phosphorylated or activated, ERK1/2 can trans locate to the 
nucleus and regulate transcription factor activity. Many studies have investigated the 
factors that affect the duration of active ERK1/2 accumulated in the nucleus in 
response to certain cellular stimuli. The conventional ERK MAPK pathway includes 
Ras, a proto-oncogene as the activator which activates MAPKKK Raf (c-Raf1, B-Raf 
or A-Raf), MEK1/2 as the MAPKK which is phosphorylated by MAPKKK and 
ERK1/2, the MAPK. MEK phosphorylates threonine and tyrosine of a –Thr-Glu-Tyr- 
motif in the activation loop of ERK (1 and 2). With the accumulation of experimental 
data on ERK signaling and cross-talk with other pathways, many other additions 
related to specific physiological condition have been made to the signaling cascade.  
 
6.3 ERK MAPK function in neurons  
6.3.1 Importance of ERK MAPK signaling in CNS 
Many lines of evidence in invertebrate and vertebrate suggest that ERK 
MAPK cascade is a fundamental pathway for memory consolidation and 
evolutionarily conserved. Besides ERK MAPK which is found to localize to cell 
bodies and dendrites of neurons in neocortex, hippocampus, striatum and cerebellum 
(Fiore et al., 1993), many ERK pathway regulators such as RasGRP, RasGRF, 
SynGAP, Ca2+/DAG GEF, NF1, N-Ras and B-Raf are largely restricted to the CNS. 
These evidences highly suggest a possible link between ERK MAPK pathway, the 
ability of ERK pathway to induce various gene expression and long-term memory 
consolidation which requires de novo gene expression.  
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6.3.2.1 ERK with long-term memory (LTM) 
A wealth of evidence showed the importance of ERK pathway in several types 
of long-term memory (LTM) formation in invertebrates and vertebrates. In Drosophila, 
mutant of a 14-3-3 family protein which binds Raf and is critical for Raf activation by 
Ras showed marked deficit in olfactory memory formation. On the other hand in 
vertebrates, MAPK activation in hippocampus was observed after 
hippocampus-dependent learning paradigms. Also, transgenic mice mutants and ERK 
MAPK inhibitors showed MAPK signaling is a crucial regulator of LTM, including 
contextual fear conditioning and spatial learning (Atkins et al., 1998; Selcher et al., 
1999; Blum et al., 1999).  
 
6.3.2.2 ERK with LTP 
LTP is considered the cellular model for learning and memory and several 
protein kinases turn out to be critical in the induction and expression of LTP, such as 
Ca2+/CaM-dependent CaMKII, cAMP-dependent PKA, PKC, protein tyrosine kinases 
and ERK. Studies on ERK related to LTP have been recently and extensively carried 
out. English and Sweatt (1996) have firstly shown that ERK2 was activated in 
NMDAR stimulated rat hippocampus CA1 as well as in primary hippocampal neurons 
and experiments using inhibitors demonstrated the dependence of LTP on ERK 
activation and the activation of ERK could both be NMDA-dependent or - independent 
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(in dentate gyrus). It has also been shown that MAPK signaling is not only important  
for LTP induction but also for LTP maintenance (English and Sweatt, 1996; Impey et 
al., 1998).  
 
6.3.3 How is MAPK activated in synaptic activity 
Although the mechanisms are not well defined, there are basically two 
pathways to explain how MAPK is activated in synaptic activity induced increases in 
intracellular Ca2+. Firstly, Ca2+ increase activates Ras by stimulating Ca2+ dependent 
Ras regulators including RasGRF, CaM kinase II inhibition of the GTPase activating 
protein SynGAP (Chen et al., 1998) and RasGRP, Ca2+/DAG GEFs. The other way is 
increase in intracellular cAMP via activation of Ca2+/CaM-sensitive adenylyl cyclases.  
 
6.3.4 ERK MAPK and PKA, PKC activation 
ERK MAPK could be activated by PKA and PKC pathways in some cell types 
and in the neurons. PKA can be positively coupled to ERK through Rap-1 and B-Raf 
which then in sequence activates MEK and ERK (Vossler et al., 1997; Roberson et al., 
1999). In addition, phorbol ester induced PKC activation leads to activation of ERK2 
in CA1 and a series of neurotransmitter receptor stimulation which are linked to PKA 
and PKC could lead to ERK activation.  
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7. Isotope-coded affinity tag (ICAT) and quantitative protein profiling 
7.1 Introduction to ICAT technique  
The rapidly emerging and developing proteomic techniques have provided 
invaluable tools for studying the global protein profiling in various biological 
processes of complex organisms. Conventional proteomic techniques include 
high-resolution separation of protein species on 2D-PAGE with mass spectrometry or 
tandem mass spectrometry based sequence identification. Gygi et al. (1999) invented 
a new technique based on the chemical agents termed isotope-coded affinity tag 
(ICAT) and tandem mass spectrometry (MS) for quantitative protein profiling of any 
two different samples. To simplify the complex peptide pool for subsequent MS 
analysis while maintaining the proteome coverage, the first generation ICAT reagents 
were conjugated to peptides by selective alkylation of the cysteine residues in the 
proteins. These early ICAT reagents are made up of an isotopically heavy form 
containing eight deuterium atoms (i.e. d8-ICAT), and an isotopically light form 
containing no deuterium (d0-ICAT). Soon, new version of ICAT reagent emerged in 
which 13C/12C combination replaces the 2H/1H and a cleavable bond is incorporated so 
as to allow removal of biotin moiety before MS. This improvement ensures that ICAT 
labeled peptides (13C tagged and 12C tagged) co-elute during chromatographic 
fractionation, which is important for quantification as previously the deuterated and 
nondeuterated peptides do not co-elute exactly. This new proteomic strategy largely 
overcomes the drawbacks in 2D-PAGE based proteome profiling techniques of being 
labor consuming and insensitive to low abundant protein species.  
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Fig.3. Structure of ICAT reagent (from Applied Biosystems protocols) 
 
 
In brief, the new version of ICAT reagent consists of 3 main parts: the protein 
reactive group, the isotope coded tag and the affinity tag as shown in Fig.3, The 
protein reactive group covalently links the ICAT reagent to the protein by alkylation 
of free cysteines. Isotope-coded tag labels two protein population with different tags, 
one with heavy tag (13C) and the other with light tag (12C) differing by 9 Da instead of 
8 Da as improvement has now been made to the isotope from deuterium to 13C. 
Affinity tag which is biotin in most cases is used for concentration of isotope tag 
labeled peptides by going through avidin affinity column.  














Fig.4. Flow chart of ICAT strategy for quantitative protein profiling (Gygi et al., 
1999). 
 
The whole ICAT working process is as illustrated in Fig.4. After proteins are extracted 
from two different tissues or cell populations under investigation, they are respectively 
labeled with heavy or light ICAT reagent. Then, the labeled proteins from the two 
groups are combined and subjected to trypsin digestion. The tryptic peptides tagged 
by ICAT  reagents are isolated by avidin affinity chromatography, followed by removal 
of biotin tag by trifluoroacetic acid (TCA) to improve subsequent peptide 
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fragmentation efficiency. At the final MS step, the mass spectrometer capable of 
operating in two modes can generate the relative abundance data for selected peptide 
doublets tagged with isotope-coded label in MS mode and also the sequence 
information of a selected peptide of particular mass-to-charge (m/z) ratio by 
collision- induced association in MS/MS mode.  
The principles underlying quantitative protein profiling are as bellows: firstly, 
a short sequence of amino acids (5-25 residues) from a protein is sufficient for 
identification of a unique protein; secondly, the pairs of peptides generated after 
digestion are chemically identical except for the isotope weight and hence the MS 
intensity responses for the peptide doublets are irrespective of the isotopic 
composition of ICAT reagents, representing only the relative abundance of a given 
peptide or protein. Therefore, the ratio of the MS intensity for any peptide doublets 
can provide an accurate measurement of protein expression in two distinct cell states.  
 
7.3 Application of ICAT  
Since the discovery, many researchers have employed ICAT technique to study 
differential protein expression in multiple biological cases, such as oxidant sensitive 
cysteine thiols of proteins from rabbit heart membrane preparation (Sethuraman et al., 
2004), human liver cells treated with interferon (Yan et al., 2004) for proteins 
regulating interferon mediated antiviral reaction, DNA damage induced neuronal 
death (Johnson et al., 2004), many types of cancer cells (Meehan et al., 2004), rat 
brain postsynaptic density (Li et al., 2004) and so on. Apart from the whole proteome, 
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multiple protein complexes can be studied using this technique (Ranish et al., 2003).  
8. Aim of the study 
The biochemical and biophysical properties of Ng have revealed CaM to be 
the only one interactive protein and Ng mainly functions through regulation of 
Ca2+/CaM dynamics within the cells. Since most people study Ng localization or Ng 
related signaling pathways using brain slices, we now sought to explore Ng function 
by overexpressing Ng and its variants in mammalian cell lines to explore its 
localization and response to PKC activator treatment using GFP fusion techniques 
combined with protein analysis tools. In the present study, we sought to study Ng 
function in a different perspective in the hope of finding the similarities and difference 
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MATERIALS AND METHODS 
1. Construction of pEGFP-Ng wild-type, pcDNA-Ng wild-type and mutants 
1.1 PCR and RE digestion 
For EGFP-Ng construction, living color fluorescent protein reporter system 
pEGFP-C2 (Clontech, CA, USA) was used in which the multiple cloning site (MCS) 
is located at the C terminal of EGFP coding region. For pcDNA-Ng construction, 
pcDNA3.1 plus (Invitrogen, USA) vector was used for construction. The vector map 
for pEGFP-C2 and pcDNA3.1 plus were shown in Fig.5 and Fig.6. The process for 
construction of pEGFP-Ng and pcDNA-Ng likewise is shown in Fig.7. 
Both vectors have HindIII and BamHI in MCS which could be used in 
compatible buffer conditions to digest DNA. Thus, HindIII and BamHI sites were 
incorporated into 5’ and 3’ primers of Ng cDNA for directional insertion into these 
vectors. 
Firstly, wild-type Ng cDNA was amplified from the expression plasmid 
pET3b-Ng (Miao et al., 2000) by PCR. The primers used for pEGFP-Ng and 
pcDNA-Ng are as follows: 
Ng-HindIII-ATG sense:     5’-GGCCAAGCTTCATGGACTGCTGCAC-3’ 
Ng-BamHI-TAA antisense:  5’-GCAGGATCCGTTAATCTCCGCTGG-3’ 
 
The 100 µl PCR system contains 50 ng of template DNA, 10 µl of 10×buffer, 2 µl of 
10 mM dNTP, 4 µl of 50 mM MgCl2, 2 µl of 10 µM primers each and 4 unit Tag DNA 
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polymerase (Finzyme, Finland). The PCR conditions for Ng amplification were: 
denaturing at 94°C for 5 min, cycling with 94°C 30 sec, 58°C 30 sec and 72°C 40 sec 
and final extension at 70°C for 5 min. The Ng PCR product was purified using Qiagen 
PCR purification kit (Qiagen, Germany) and digested overnight at 37°C with BamHI 
and HindIII in a total volume of 250 µl including 150 µl of purified PCR product, 10 
unit of HindIII, 10 unit of BamHI, 25 µl of Buffer E (Promega), 2.5 µl of 10 mg/ml 
BSA (Bovine Serum Albumin) and H2O. The vector plasmid pEGFP-C2 and 
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Fig.6. Vector map of pcDNA3.1 (+/-). The above shows the MCS containing the 
restriction enzyme sites, the order of which is reversed for pcDNA3.1 (+) and pcDNA 
(-). pcDNA3.1 (+) is used for Ng plasmid construction and Ng is inserted between 












































Fig.7. Construction process of pEGFP-Ng wild-type. 
Ng cDNA 
HindIII adaptor BamHI adaptor 
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1.2 Gel extraction 
After restrictive enzyme digestion, reaction products of digested Ng and 
pEGFP-C2 or pcDNA were electrophoresed on 1% agarose gel and single bands of the 
correct size were cut out and collected in a 1.5 ml Eppendorf tube. Then the bands 
were purified from gel with Qiagen Gel Extraction Kit and concentration of the 
purified fragments was measured by spectrometry.  
 
1.3 Ligation and transformation 
Ligation of Ng and pEGFP or pcDNA was performed at 16°C overnight in a 
total volume of 20 µl, which consists of 10 ng of digested Ng, appropriate amount of 
digested pEGFP-C2 (molar ratio of Ng to vector is 1:5 to 1:10), 2 µl of 10×T4 ligase 
buffer, 1 µl of T4 ligase (New England Biolab, USA) and H2O.  
The next day, all 20 µl ligation product was transformed into competent 
bacteria cells (preparation methods see Section 1.4) and spread onto LB agar plates 
containing kanamycin 30 µg/ml. White colonies were selected for screening of 
positive clones. 
 
1.4 Competent cell preparation for transformation 
High efficiency competent cell preparation for bacterial transformation 
followed a modified RbCl based method. On the first day, streak JM109 E. coli strain 
on fresh LB plate and grow overnight at 37°C. The second day, a single colony was 
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inoculated into 10 ml LB and grow overnight with gentle shaking at 37°C. On the 
morning of the third day, the overnight culture were subcultured 1:100 by inoculating 
2.5 ml into 250 ml of LB supplemented with 20 mM MgSO4 and growing the cells 
until the OD600 reached 0.4-0.6. Bacteria cells were pelleted by centrifugation at 4,500 
g for 5 min at 4°C, then the cell pellet was gently resuspended in 0.4 original volume 
of ice-cold TFB1 (30 mM KOAc, 100 mM RbCl2, 10 mM CaCl2, 50 mM MnCl2, 10% 
glycerol, pH5.8). The resuspended cells were incubated on ice for 5 min and then 
pelleted again by centrifugation at 4,500 g for 5 min at 4°C. The cells were gently 
resuspended in 1/25 original volume of ice-cold TFB2 (10 mM MOPS, 75 mM CaCl2, 
10 mM RbCl2, 15% glycerol, pH6.5) and incubated on ice for 15-60 min. Finally, 100 
µl aliquot per tube was made and stored at -70°C.  
 
1.5 Screening of positive clones 
White colonies were inoculated in LB with 30 µg/ml kanamycin overnight and 
plasmids were extracted according to the instructions in Wizard plus SV Minipreps 
(Promega, USA). Then, plasmids from different clones were digested with HindIII 
and BamHI and amplified using Ng cDNA primers A/B for Ng insertion. The positive 
plasmids were further brought to sequencing for sequence verification.  
Sequences for Ng cDNA primers A/B are as follows: 
Ng cDNA primerA: 5’-ATGGACTGCTGCACGGAGAGC-3’ 
Ng cDNA primerB: 5’-AATCTCCGCTGGGGCCGC-3’ 
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1.6 In vitro site-directed mutagenesis  
Site-mutagenesis has been employed as a powerful tool to study protein 
function as people may be interested in evaluating how specific amino acid 
contributes to the biological function of a protein. Early strategies for mutagenesis 
involves mutagenic oligonucleotide annealing to single strand DNA, which requires 
more labor and time compared to the newly developed strategy. PCR-based site 
directed mutagenesis mediated by PfuTurbo DNA polymerase and endonuclease DpnI 
has emerged as the most popular methodology. This mutagenesis technique utilizes 
the high fidelity and non-strand displacing properties of PfuTurbo DNA polymerase to 
incorporate mutations directly into double stranded plasmid. DpnI is an endonuclease 
whose target sequence is 5’-Gm6ATC-3’ and it is specifically digesting methylated 
and hemimethylated DNA. The function of DpnI in DNA mutagenesis is based on the 
fact that plasmid DNA isolated from almost all E.coli strains (dam+) is dam 
methylated and thus susceptible to DpnI. So following temperature cycling using 
oligonucleotide primers, DpnI could selectively digest the parental DNA template and 
select for mutation-containing synthesized DNA. Using this technique, people can 
make point mutations, switch amino acid and introduce or delete certain amino acids. 
The detailed flow chart of how In vitro site-directed mutagenesis works is illustrated 
in Fig.8.  
The reaction mixture for mutagenesis is as follows: 5 µl of 10 ×Pfu buffer, 50 
ng of template plasmid, 125 ng of oligonucleotide primer 1, 125 ng of oligonucleotide 
primer 2, 1 µl of 10 mm dNTP, 1 µl of Pfu Turbo DNA polymerase (2.5 u/µl) 
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(Stratagen, USA) and H2O to bring the volume to 50 µl. PCR conditions are: 
denaturing at 95°C for 30 sec, cycling at 95°C 30 sec, 55°C 1 min and 68°C 5 min 
(depending on the plasmid length, 1 min for 1 kb). After PCR, reaction tubes are put 
on ice for 2 min to cool the reaction to lower than 37°C. Then, 1 µl of DpnI (10 u/µl) 
(NEB, USA) is added to the reaction and incubated at 37°C for 1 hr to eliminate the 
parental supercoiled dsDNA. Finally, all reaction mixture was transformed into 
JM109 competent cells. On the next day, colonies were selected and screened by PCR 
and RE digestion. For each mutant, 4 clones were randomly picked, two of which 
were further sequenced for screening successful mutagenesis. Theoretically colonies 
grown from the antibiotic plates should be positive clones. Sequencing is performed to 
ensure the correct switch to the desired mutations.  
The sequences of the mutagenic primers used in the study are as follows: 
S36D forward: 5’-GCC AAA ATC CAG GCG GAT TTT CGG GGC CAC ATG-3’ 
S36D reverse: 5’-CAT GTG GCC CCG AAA ATC CGC CTG GAT TTT GGC-3’ 
S36A forward: 5’-GCC AAA ATC CAG GCG GCT TTT CGG GGC CAC ATG-3’ 
S36A reverse: 5’-CAT GTG GCC CCG AAA AGC CGC CTG GAT TTT GGC-3’ 
I33Q forward: 5’-GCC GCT GCA GCC AAA CAG CAG GCG AGT TTT CGG-3’ 
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1.7 Sequencing of positive clones 
Sequencing primers designed based upon the sequence of the expression 
plasmids were used to sequence the complete inserts from both directions in order to 
determine with complete assurance that the amino acid sequence of the expressed 
proteins is correct and not altered during the PCR and cloning process.  
The sequencing primer for pEGFP-Ng was 5’-ACA ACC ACT ACC TGA 
GCA CCC-3’. The reaction was carried out in a 5 µl system including 100 ng of 
template DNA, 2 µl of BigDye reagent (Applied Biosystems, USA), 1 µl of 3.2 µM 
sequencing primer and 1 µl of H2O. PCR conditions are as follows: 96°C for 10 sec, 
50°C for 5 sec, 60°C for 4 min, 25 cycles, then chilled at 4°C.  
Before submission to the sequencing unit, the PCR product needs to be 
precipitated and purified. The precipitation solution for 4 reactions consists of 3 µl of 
3 M sodium acetate (NaOAc), pH 4.6, 62.5 µl of non-denatured 95% ethanol (EtOH), 
14.5 µl of deionized water. The reaction product and appropriate amount of 
precipitation solution are combined, briefly vortexed and left at room temperature for 
15 min for more. Then the mixture is spinned at maximum speed for 20 min to collect 
the precipitant at the bottom of the tube. After centrifugation, the supernatant is 
removed and the pellet may or may not be visible. For the washing step, 500 µl of 
70% ethanol is added to the tube, mixed briefly and discarded and this step repeated 
once again. Finally, the tube is shortly spinned to remove the trace ethanol and dried at 
room temperature for around 15 min.  
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2. Cell culture and passage  
Human Embryonic Kidney (HEK293) cells and mouse neuroblastoma cells 
(N2A) are routinely cultured in Dulbecco’s MEM (Gibcol, USA) containing 1% v/v 
penicillin-streptomycin (Gibcol, USA), 10% v/v fetal bovine serum (Clontech, USA), 
25 mM of HEPES (Sigma, USA) and 3.7 g/l NaHCO3, pH 7.4-7.5, whereas the stable 
N2A cell line expressing Ng (N2A-Ng) generated by Yang Huiming (Yang Huiming’s 
thesis, 2002) were maintained in complete DMEM mentioned as above supplemented 
with 0.5 mg/ml G418 (US Biological, USA). The cells were maintained at 37°C with 
5% CO2/95% room air, in 75 cm2 tissue culture flasks (BD Falcon, USA). When the 
cells were 90-100% confluent, the cells should be passaged. To passage the cells, the 
culture medium was discarded and cells were washed with PBS buffer (8 g/l NaCl, 0.2 
g/l KCl, 1.44 g/l Na2HPO4, 0.24 g/l KH2PO4) once; then, 2 ml of trypsin-EDTA was 
spreaded on top of the cells and incubated for 2 min to detach cells from the surface of 
the flask bottom. After that, 8 ml of fresh medium was added to stop the activity of 
trypsin. Into a new flask containing 15 ml fresh medium, 1 ml of diluted cells was 
transferred and cultured further. HEK293 cells were passaged every 5 days and N2A 
cells every 4 days.  
 
3. Transfection  
For transfection of HEK293 cells for imaging experiments, 35 mm×10 mm 
petri-dishes with glass bottom were used. 0.5 µg of plasmid DNA was transfected into 
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each petri-dish. But for transfection of HEK cells in immunoblotting experiments, 100 
mm petri-dishes were used and 10 µg of DNA were transfected.  
Take transfection of cells cultured on 100 mm petridish as the example to 
explain the procedures. On day 1, HEK293 cells were seeded on 100 mm petri-dish; 
on day 2 when the cells reached 80-90% confluency they were transfected by the 
modified calcium phosphate method (Chen and Okayama, 1987) with 10 µg of EGFP 
vector, EGFP-Ng fusion plasmids.  
The calcium phosphate method is a highly efficient method for transfecting 
supercoiled plasmid DNA into mammalian cells. The working principle is to allow a 
calcium phosphate-DNA co-precipitate to form in the tissue culture medium during 
prolonged incubation under controlled conditions (pH 6.96 and CO2 2-4%). The 
solutions used for the transfection protocol include: 1) 2×BES-buffered saline 
containing 50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4·2H2O, pH 6.96 adjusted 
with HCl at room temperature; 2) 2.5 M CaCl2.  All solutions were prepared using 
Milli Q water and sterilized through 0.22 µM filter. The protocol was as follows: 1) 
Dilute 2.5 M CaCl2 to 0.25 M; 2) Mix 10 µg DNA with 500 µl of 0.25 M CaCl2 and 
then add 500 µl of 2×BES-buffered saline; 3) Incubate the mixture for 10 min at room 
temperature before applying to the cells; 4) Add the CaCl2/DNA/BES-buffered saline 
solution dropwise into the dishes of cells, swirling gently to mix; 5) Incubate the 
cultures for 15-24 hr in a humidified incubator with 3% CO2; 6) Rinse the cells with 
PBS or fresh medium and replenish with fresh medium and return to 5% CO2 
incubator.  
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4. PMA treatment and protein harvesting 
Cells after serum starvation (24 h in 0.5% FBS containing medium) were 
washed with PBS twice and incubated at 37°C with 300 nM PMA in Hanger’s 
solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 
mM Glucose, pH 7.4) for various time duration (0, 10 min, 30 min and/or 1 h, 3 h, 6 
h). After incubation, cells were washed with ice cold PBS twice and lysed with 200 
µl/plate of modified RIPA buffer (50 mM Tris-HCl pH7.4, 0.25% Na-deoxycholate, 
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 µg/ml Leupeptin, 1 µg/ml Peptatin, 1 
µg/ml Aproptinin, 1 mM NaF). The lysed cells were stripped with scrapers, collected 
in 1.5 ml eppendorf tube and frozen at -20°C for maximum release of proteins. On the 
next day, protein lysates were centrifuged at top speed for 15 min and the supernatant 
was collected for protein quantification. 
 
5. Western Blotting 
5.1 Protein quantification 
Total protein content of each protein sample was measured in 96-cell 
micro-plate using Bradford protein assay reagent (Bio-Rad, USA). Firstly, dye reagent 
was made by diluting 1 part Dye Reagent Concentrate with 4 part distilled water. 
Then, Bovine Serum Albumin (BSA) protein standards were prepared ranging in 
concentration from 0.05 mg/ml to 0.5 mg/ml (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mg/ml). 10 
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µl of each standard and sample solution was pipeted into separate wells and assayed in 
triplicate. Absorbance was measured in microplate reader at 595 nm. 
 
5.2 SDS-PAGE gel electrophoresis 
To run on reducing gel, protein samples were mixed with 5× sample loading 
buffer containing 50 mM Tris pH 7.0, 10% SDS, 10% ß-mercaptoethanol, 50% 
glycerol and 0.04% bromophenol blue and boiled for 5 minutes at 95°C. The 
mercaptoethanol reduces any disulfide bridges present that are holding together the 
protein tertiary structure. For 2 mini-gels, 12 ml 15% SDS-PAGE separating gel was 
needed including 6 ml of 30 % acrylamide/0.8% bisacrylamide (Bio-Rad, USA), 3 ml 
of 1.5 M Tris-HCl (pH 8.8), 120 µl of 10% freshly made ammonium persulphate 
(APS) (Bio-Rad, USA), 120 µl of 10% SDS, 12 µl of TEMED (Bio-Rad, USA) and 
2.748 ml of water; 5 ml 4% stacking gel, 0.67 ml of 30 % acrylamide/0.8% 
bisacrylamide, 1.25 ml of 0.5 M Tris-HCl (pH 6.8), 50 µl of 10% APS, 50 µl of 10% 
SDS, 5 µl of TEMED and 2.975 ml of water.  
After gels were set, equal amount of total protein (30-50 µg) were 
electrophoresed in SDS/glycine running buffer (3.02 g/l Tris base, 14.4 g/l glycine, 1 
g/l SDS) at continuous 30 mA (15 mA each gel) until the loading dye reached the gel 
edge.  
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5.3 Transfer 
After electrophoresis, the gel was carefully dismantled from the glass plates 
and transfer buffer (25mM Tris, 190mM glycine, 20% MeOH) was prepared for use.  
The transfer stack was assembled as instructed (Hoefer, USA) and any potential air 
bubble should be queezed out. Then the cassette was immerged into the transfer tank 
filled with transfer buffer with the gel side against the cathode and transferred at 200 
mA per gel for 1-2 hours. 
 
5.4 Blocking and detection 
After transferring, membranes were washed briefly with 1× PBS and blocked 
with 5% non-fat milk in 1×TBST (25 mM Tris-HCl pH 7.4, 1.5 M NaCl, 0.5% 
Tween-20) for 1 hour. Membranes were incubated by gentle shaking with diluted Ng 
primary antibody, phosphor Ng antibody, phosphor ERK1/2 antibody, total ERK1/2 
antibody, a-tubulin (DM1A), GAPDH, MAP1B antibody in 2% non-fat milk in 1× 
TBST overnight at 4°C. One the next day, membranes were washed with 1× TBST for 
5 times, 5 min each time and incubated with horseradish-peroxidase labeled anti-rabbit 
or anti-mouse IgG secondary antibody (Sigma, USA) (diluted 1:5000) in 2% non-fat 
milk in 1×TBST for 1 hr, followed by washing 5 times with 1×TBST by vigorous 
shaking (5 min each). At the end, the immunoreactive bands were visualized using 
Amersham's ECL detection kit according to the manufacturer's instructions (Amersham, 
USA). 
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5.5 Protein dot-blot 
To detect the efficiency of the anti- phospho-Ng antibody, a dot blot was 
employed for simple manipulation. Synthetic peptides 460 (Biogenes, Germany) 
originally used for antibody generation were diluted in modified RIPA buffer to 0.1 
µg/µl. The amino acid sequence for peptide 460 (phosphor-Ng antibody) is 
CAKIQAS-PO4FRGHM respectively. Another two peptides SIV4022 and SIV4024 
containing IQ motif of Ng but lacking phosphate to Ser36 were used as negative 
controls for antibody specificity. The sequence of SIV4022 is AAAKIQASFRGH and 
for SIV4024 is AKIQAS. 1 µl of diluted protein was directly applied onto the 
membrane and dried at room temperature for 30 min or at 80°C for 10 min. After that, 
the membranes were ready for blocking and antibody incubation processes.  
 
5.6 Band quantification 
The band intensity from Western blot was quantified using image analyzing 
tool ImageJ (NIH, USA). Phosphorylation level of ERK (ERK1+ERK2) for each 
sample detected by phosphor ERK1/2 antibody was normalized with total ERK1/2 
level detected by total ERK1/2 antibody. Phosphorylation of ERK and time was 
plotted using Sigmaplot software.  
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6. Confocal Imaging 
6.1 Living cell imaging 
Cultured cells were incubated in 2 ml of Hanger’s solution and directly 
observed under confocal microscope. PMA diluted in Hanger’s solution was gently 
infused into the petridish after depleting the original solution by syringe and plastic 
tubes without disturbing the cells.  
 
6.2 Cell fixation and immunocytochemistry 
HEK293 cells cultured in the 35 mm petidish were first transfected with 0.5 µg 
of plasmid DNA by calcium phosphate transfection methods. After 18-24 hr, cells 
were either directly fixed or treated with PMA diluted in Hanger’s solution for 30 min. 
After treatment, the cells were washed in PBS and fixed in 3.7% paraformaldehyde 
(PFA) in PBS for 15 min at room temperature, then washed once with PBS for 5 min. 
Cells were permeabilized with 0.2% TritonX-100 in PBS for 5 min at room 
temperature or with methanol at -20°C for 5 min. After cells were washed with PBS 
twice for 5 min each, they were blocked in blocking buffer (10% normal goat serum in 
PBS) for 1 hr at room temperature and washed once with PBS. Then cells were 
incubated with diluted (1:1000) primary antibody in 1% normal goat serum in PBS 
overnight at 4°C, followed by 3 washes in PBS. Diluted (1:1000) goat anti-rabbit 
fluorescein (FITC) conjugated secondary antibody (Chemicon, USA) was applied and 
incubated for 1 hr at room temperature in the dark. The last step was to wash the cells 
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with PBS three times for 5 min each and the cells were ready for observation.  
 
6.3 Fluorescence confocal imaging 
Confocal microscopy of living cells was carried out using a Leica confocal 
microscope (Leica Microsystems, Germany), water immersion ×63 objective lens, 
with a 488 nm laser line for excitation and 505 nm long-pass filter for emission. 
 
6.4 Image acquisition 
All Images were processed with the Leica Microsystems Heidelberg GmbH 
system. 
 
7. ICAT analysis 
7.1 Protein preparation 
N2A control cell and N2A-Ng were cultured until reaching near 100% 
confluency. The cells were trypsinized and collected in 15 ml Falcon tube (Falcon, 
USA) and washed with ice cold 1×PBS (pH 7.4) twice. Total proteins were dissolved 
in the denaturing buffer and 100 µg of proteins was used for ICAT (Applied 
Biosystems, USA) analysis. The final volume was 80 µl for the control sample and Ng 
transfected sample.  
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7.2 Denaturing and reducing the proteins  
2 µl of reducing reagent was added to both samples, vortexed to mix and short 
spinned. Then, both samples were denatured at 100°C for 10 min and cooled for 1 to 2 
min.  
 
7.3 Labeling with the cleavable ICAT reagents 
Before use, the cleavable ICAT reagent light and reagent heavy were brought 
to room temperature and shortly spinned to bring all powder to the bottom of each vial. 
Then 20 µl of acetonitrile was added to each reagent vial. After vortexing and 
spinning, the control sample (N2A control) was transferred to the vial of light reagent; 
the test sample (N2A-Ng) was transferred to the vial of the heavy reagent. The two 
vials were incubated at 37°C for 2 hr, then vortexed and spinned to collect.  
 
7.4 Digestion with trypsin 
The entire contents of the two vials were combined and a vial of trypsin 
dissolved in 200 µl of Milli-Q water was added to the combined tube and incubated 
for 12 to 16 hr at 37°C.  
 
7.5 Sample fractionation using cation exchange column 
Firstly the cation exchange cartridge was assembled as instructed. Then the 
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100 µg sample mixture was transferred to a new tube with a capacity greater than 3 ml 
and the sample mixture was diluted with 2 ml of cation exchange buffer- load and 
mixed. Before proceeding to the next step, the pH of the diluted sample solution 
should be adjusted to between 2.5 and 3.3 using the cation exchange buffer- load. After 
the cartridge was conditioned by injecting 2 ml of cation exchange buffer- load, the 
diluted sample mixture was slowly loaded (1 drop per second) onto the cation 
exchange cartridge. The flow-through was collected into the original sample tube. 
Another 1 ml of cation exchange buffer- load was injected to wash the TCEP, SDS and 
excess ICAT reagent from the cartridge was collected in the same original tube. If it’s 
been confirmed that the loading is successful, the flow-through collected may be 
discarded. Otherwise, loading can be performed again using the flow-through. 
To elute the peptides, 500 µl of cation exchange buffer-elute was slowly 
injected (1 drop per second) onto the cartridge and the eluate was captured in a fresh 
1.5 ml tube. The eluted peptides were collected as a single fraction.  
After that, the cartridge was washed with 1 ml of cation exchange buffer-clean 
and stored with 2 ml of cation exchange buffer-storage. The disassembled cartridge 
could be stored at 2-8°C for future use. 
 
7.6 Purifying the biotinylated peptides and cleaving biotin 
After the avidin cartridge was inserted into the holder, 2 ml of affinity 
buffer-elute was injected so as to free up the low affinity binding sites on the avidin 
cartridge and it was followed by injection of the affinity buffer-load 2 ml. Before 
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loading onto the affinity cartridge, the cation exchange fraction collected at the 
previous step was neutralized with 500 µl of affinity buffer-load. Then the neutralized 
sample was slowly injected (1 drop per second) onto the avidin cartridge and the 
flow-through was collected for reloading if the first loading failed. Affinity buffer 
wash 1 and wash 2 were used to reduce the salt concentration and to remove 
nonspecifically bound peptides.  
Finally, the labeled peptides were eluted with 800 µl of affinity buffer-elute, 
slowly injected. The avidin cartridge could be washed with affinity buffer-elute and 
stored in affinity buffer-storage at 2-8°C.  
 
7.7 Cleaving the ICAT reagent-labeled peptides 
Each affinity-eluted fraction was evaporated in a centrifugal vacuum 
concentrator to dryness. Then 95 µl of cleaving reagent A and 5 µl of cleaving reagent 
B were combined and transferred to the sample tube, incubated for 2 hr at 37°C. After 
reaction, the sample was dried in centrifugal vacuum concentrator for 30 to 60 min 
and redissolved in appropriate amount of HPLC loading buffer for subsequent 
chromatographic analysis.  
 
7.8 Separating and analyzing the peptides by LC/MS/MS 
The samples were separated by capillary reversed-phase HPLC which was 
connected to the mass spectrometry system. The data acquisition mode was based on a 
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result-dependent acquisition and the data were analyzed using ProICAT software to 
automatically quantify and identify the differentially expressed proteins.  
 
8. Statistics 
The results for Western Blots were presented as means ±SEM. Statistical 
significance was determined by Student’s t-test. P values less than 0.05 were 
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RESULTS 
1. Construction of pEGFP-Ng, pcDNA-Ng and their mutants 
1.1 Construction of pEGFP-Ng wild-type 
The pET3b-Ng plasmid which contains wild-type rat Ng cDNA was used as 
the template to amplify Ng cDNA with HindIII and BamHI sites added to the 5’ and 3’ 
ends respectively. The purified PCR products and pEGFP-C2 vector respectively were 
digested with HindIII and BamHI and separated on agarose gel. The purified linear 
fragments from gel were ligated and randomly selected colonies were screened by 
PCR and RE digestion for positive clones. Out of the eight clones selected, seven 
clones were positive from which a 237 bp band corresponding to Ng was amplified as 
expected in 1% agarose gel (Fig.9). Furthermore, pEGFP-Ng clone 1 was sequenced 
for examination of mutations and inframeness with EGFP. The sequence shown 
indicates Ng cDNA was complete and in frame with EGFP coding region and there 
was no point mutation in it (Fig.10). Therefore, pEGFP-Ng clone 1 was chosen for 
subsequent site-directed mutagenesis.  
 
1.2 Construction of pcDNA-Ng wild-type 
The construction of pcDNA-Ng wild-type followed the same route as that of 
pEGFP-Ng wild-type. Six clones were selected and PCR and RE digestion showed 
clone 1, 3 and 5 were positive clones (Fig.11). After sequencing for integrity and 
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correctness, pcDNA-Ng clone 3 was chosen for further mutagenesis.  
 
1.3 Site-directed mutagenesis of pEGFP-Ng and pcDNA-Ng wild-type 
In the present study three Ng mutants S36A, S36D and I33Q which from 
previous studies are thought to affect Ng function were constructed. Both PCR and RE 
digestion demonstrated all the selected clones contained Ng insert and out of six 
selected clones (two for each mutant) sequenced, five had the desired mutation. So the 
efficiency of mutagenesis was 83.3%, which is consistent with the expectation of 
more than 80% demonstrated in the literature (QuikChange, Stratagene, USA). It 
could be seen in the multiple sequence alignment (Fig.12) that the mutants were in 
frame with EGFP and there was no other mutation except for the desired ones. In 
S36A and S36D mutants, Ser36 (AGT) has been mutated to Ala (GCT) and Asp (GAT) 
respectively and in I33Q mutant Ile33 (ATC) has been mutated to Gln (CAG). In the 
same way, pcDNA-Ng mutants were generated (data not shown).  
 
2. Localization of EGFP-Ng and mutants in HEK293 cells by confocal 
fluorescence microscopy 
2.1 EGFP-Ng wild-type localization in living HEK293 cell 
As GFP can be used as a marker to indicate cellular localization of the gene it 
is fused to and does not interfere with the gene’s biological function, we sought to 
investigate the cellular localization of Ng and its mutants by fusing them to Enhanced 
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Green Fluorescence Protein (EGFP) for exploration of the physiological functions of 
Ng. HEK293 is an ideal cell model for many biological experiments because it is easy 
to maintain and amenable for many transfection reagents, therefore we use HEK293 
as the cell model in the present imaging study.  
For living cell GFP observation, HEK293 cultured on the glass surface of 35 
mm petri-dish was transfected with 0.5 µg of either pEGFP or pEGFP-Ng plasmid. 
During confocal microscopy imaging the cells were maintained in 2 ml of Hanger’s 
buffer. The fluorescence images revealed that compared to the even distribution 
pattern throughout the cell of EGFP, EGFP-Ng wild-type displayed significantly 
higher fluorescence intensity in the nucleus than the cytoplasm (Fig.13).  
This bipartite localization of transiently expressed Ng in HEK293 was not 
caused by free diffusion corroborated by Fluorescence Loss in Photobleaching (FLIP) 
experiments on EGFP-Ng. When a patch of Ng fluorescence in the cytosol was 
repetitively photobleached, fluorescence in the nucleus was not affected regardless of 
the total bleaching of the whole cytosolic region and it was the same when a patch of 
fluorescence in the nucleus was photobleached the cytosolic fluorescence did not 
diffuse into the nucleus (private communication, with Dr. Han Nian-Lin).  
 
2.2 pcDNA-Ng wild-type localization in fixed HEK293 cells  
Ng localization in fixed cells was also studied with pcDNA-Ng wild-type 
construct and immunocytochemistry staining method. In the fixed HEK293 cells 
transfected with pcDNA-Ng wild-type, the nucleus could be obviously seen in the 
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light transmission image (Fig.14B). The same pattern of concentrated nuclear 
distribution was discovered as the green fluorescence intensity within the nucleus was 
higher by at least one order of magnitude than that in the cytosol (Fig.14A). It should 
be noted that the expression of pcDNA-Ng in HEK cells was weak that it could not be 
detected by Western blot; but when a Kozak sequence (GCCACC) was added to 
enhance translation efficiency before start codon ATG of Ng cDNA, the expression 
level was still low. The difficulty of expression may arise from the small size of Ng as 
fusion protein EGFP-Ng could be expressed well. However, all the Ng expressing 
cells observed showed the same trend of protein distribution, demonstrating that Ng is 
distributed more in the nucleus than the cytoplasm. 
 
2.3 EGFP-Ng mutant localization in living HEK293 cell 
The three mutants of EGFP-Ng were transfected into HEK293 cells and their 
localization represented by the green fluorescence were recorded. They showed 
predominant fluorescence distribution in the nucleus as observed in EGFP-Ng 
wild-type transfected cells (Fig.15). Most of the cells (>90%) recorded got the same 
pattern and the similar results were obtained using pcDNA-Ng mutants. 
 
2.4 EGFP-Ng distribution upon PMA treatment 
Phorbol ester PMA is a well accepted PKC activator and PKC activation then 
phosphorylates Ng which may in turn participate in downstream signaling cascades. 
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PKC is mainly cytosolic under resting conditions and may translocate to the 
membrane when it is activated by exogenous phorbol esters. In order to study whether 
there is any corresponding translocation event of Ng upon PMA treatment, HEK293 
cells transfected with EGFP-Ng were recorded in situ upon incubation with 1 µM of 
PMA and the time lapse images were recorded. The effect of PMA usually occurs very 
quickly because upon PMA treatment PKC was found to be activated and translocate 
within 3 mins and Ng phosphorylation in rat hippocampal slices could be observed at 
2 min. The cells were recorded in a 15 min time window upon PMA application. Our 
results on one Ng expressing cell showed the images in three further divided time 
periods (0-1 min, 1-5 min and 5-15 min) within 15 min following PMA addition 
(Fig.16). The experiments recorded 13-15 images within each time period in a fixed 
time interval, allowing for continuous monitoring of fluorescence dynamics. It was 
shown that in the first 1 min period, the shape of the cell and fluorescence distribution 
did not change (Fig.16A.); in the next 4 min, the cell seemed to lean while shrinking 
towards the right side without any obvious change in the fluorescence distribution 
within the nucleus or the cytosol, but the plasma membrane became dim which may 
be caused by the alteration of the focus plane (Fig.16B.). At the last 10 min after 
readjustment of the focus, the cell kept stable with neither change in the shape or the 
distribution pattern (Fig.16C.). We also extended the recording time duration longer 
and tried different concentrations of PMA; however, there was no translocation of 
EGFP-Ng recorded. Similar results were obtained when the cells transfected with any 
of the three EGFP-Ng mutants after PMA treatment, that is, no translocation was 
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detected after PMA treatment.  
From the living recording of green fluorescence upon PMA application, it 
seems that the fluorescence distribution was kept constant and no obvious 
translocation event occurred in response to PMA stimulation.  
 
2.5 Ng distribution in pcDNA-Ng transfected cells upon PMA treatment 
The localization of Ng and phosphorylated Ng was studied in pcDNA-Ng 
transfected HEK293 cells. The cells transfected with pcDNA-Ng for 1 day was treated 
with 1 µM PMA for 30 min and fixed. Subsequent immunostaining with Ng antibody 
showed the majority of the protein was still in the nucleus (Fig.17A-C); phospho-Ng 
antibody also stained greater the nucleus (Fig.17D-F, G-I), indicating that Ng was 
phosphorylated in situ within the nucleus and did not translocate after PKC activation.  
 
3. PMA induced phosphorylation of ERK1/2 in EGFP-Ng transfected HEK cells 
3.1 Detection of the efficiency of the anti phospho-Ng antibody 
Firstly, in order to test the efficiency of the anti phosphor-Ng antibody, a dot 
blot experiment was carried out in which synthesized Ser-phosphorylated peptide 460, 
unphosphorylated peptide SIV4022 and SIV4044 were dotted on the membrane in 
different amount 0.05, 0.1, 0.2 µg. As the three peptides all contain the core IQ motif 
of Ng but differ in the Ser phosphorylation site, the results could precisely 
demonstrate the specificity of the antibodies. Three batches of anti phosphor-Ng 
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antibody 3772g, 3773g and 3773g-(4) were tested using the same 3×3 grid. The dot 
blot results showed 3772g did not hybridize with any of the peptides in all dilutions 
showing its poor immunoreactivity; in contrast, the 3773g and 3773g-(4) specifically 
hybridized with equivalent immunoreactivity with the peptide 460 but not with 
peptide SIV4022 or SIV4024 (Fig.18). Therefore, antibody 3773g was used to detect 
the phosphorylation status of Ng in transfected cells in the subsequent experiments. 
 
3.2 PMA induced ERK1/2 phosphorylation in EGFP-Ng wild-type transfected 
HEK293 cells and in N2A-Ng cells 
3.2.1 PMA induced ERK1/2 phosphorylation in transfected HEK293 cells 
ERK MAPK is increasingly emerging as an important component in a wide 
variety of forms of synaptic plasticity and memory formation. PMA induced PKC 
activation could lead to ERK pathway activation by phosphorylating upstream protein 
Ras or Raf. In Ng KO mice, it was found that PMA induced a much less 
phosphorylation of ERK2 and ERK1 in rat hippocampal slices (Wu et al., 2002). To 
investigate whether there is any relationship between Ng and ERK MAPK pathway, 
HEK293 cells were transiently transfected with EGFP and EGFP-Ng wild-type and 
treated with 300 nM PMA for different duration and ERK1/2 phosphorylation was 
detected by immunoblot using ant i phosphor-ERK1/2 antibody. The results showed 
that in EGFP transfected cells, PMA induced a fast and significant increase in ERK1/2 
phosphorylation at 10 min and the phosphorylation leveled up at 30 min and 60 min 
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without obvious increase or decrease. In comparison, the same PMA treating 
procedures produced a higher level of phosphorylated ERK in EGFP-Ng transfected 
cells (Fig.19A).  
Statistical analysis of PMA induced ERK1/2 phosphorylation demonstrated 
that before PMA treatment, the basic level of phosphorylated ERK1/2 (both ERK1 
and ERK2) in EGFP transfected and EGFP-Ng transfected cells did not differ very 
much. However, upon PMA treatment for 10 min, a significant higher increase 
(50%-70%) in phosphorylated ERK1/2 level (p<0.005) in EGFP-Ng transfected cells 
compared to EGFP control was observed (Fig.20).  
 
3.2.2 PMA induced ERK1/2 phosphorylation in N2A-Ng cells 
N2A-Ng cells expressing Ng was also tested on ERK phosphorylation induced 
by PMA treatment. The N2A control cells and N2A-Ng cells were treated with 300 nM 
PMA for 0, 10, 30, 60, 180, 360 min and detected anti phosphor-ERK1/2 antibody. It 
was shown (Fig.19B) that PMA induced an increase in phosphorylation of ERK1/2 in 
a fluctuated way both in the control and N2A-Ng cells, rising at 10 min then slightly 
decreasing followed by a second and continuous increase at 180 min. The increase of 
phosphorylated ERK1/2 was two-fold higher in N2A-Ng cells than N2A control.  
 
3.2.3 PMA induced ERK phosphorylation in N2A-Ng cells is mediated by PKC 
Although PMA has been commonly used as a PKC activator, it was shown to 
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have other receptors including mammalian a- and ß-chimaerins (Ahmed et al., 1993; 
Caloca et al., 1997), Ras-GRP (Ebinu et al., 1998) and Caenorhabditis elegans Unc-13 
(Kazanietz et al., 1995). In order to address whether the increase in ERK 
phosphorylation is mediated by PKC, PKC specific inhibitor GF102903X was 
employed. N2A-Ng cells were pretreated with 5 µM GF102903X for 30 min or left 
untreated and then incubated with 300 nM PMA for 3 hr. The immunoblot results 
showed GF102903X almost blocked ERK phosphorylation (Fig.19C), which suggests 
that PMA induced ERK phosphorylation in N2A-Ng cells is PKC-mediated.  
 
4. Isotope Coded Affinity Tag (ICAT) analysis on Ng stably transfected N2A cells 
Proteomics methodologies could provide an overall image of the change in 
protein profiling between different treatments. Compared to nucleic acid microarray 
methodology, it reveals the expression of the biomolecules at the level at which they 
exert their biological functions. Therefore we used N2A cells and Ng stably 
transfected N2A cell (Yang thesis, 2002) for ICAT analysis in the hope to identify 
proteins globally whose expression level differ significantly between the two cell 
populations and which functionally associate with Ng.  
The cells were harvested according to the methods and material. ICAT labeling 
and labeled peptide purification was kindly prepared by Tan Pei Ling, Shirley under 
the help of Dr. Liou Yih-Cherng, Dept of Biological Sciences and data acquisition and 
analysis of protein mass spectrometry were helped by Dr. Lin Qinsong, Dept. of 
Biological Sciences.  
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4.1 Detection of Ng expression in N2A-Ng 
Before the ICAT experiments, Western blot was carried out to check for the 
expression level of Ng in the samples. In the experiments, 100 µg total proteins from 
N2A control cells and N2A-Ng (clone 1) cells were loaded. In addition, N2A-Ng were 
treated with non-toxic level of Doxycycline (0.2 µg/ml) for 24 hr and the same 
amount of total protein was also loaded in parallel. Doxycycline is the inducer used in 
Tet-on or Tet-off system for controlled gene expression in mammalian cells. As 
N2A-Ng was originally designed to be a cell line expressing controlled level of Ng, we 
therefore tested the controllability of this cell line before experiments.  
Western blot results using Ng antibody indicated there was an expression level 
comparable to 0.1 µg purified Ng control in N2A-Ng (clone 1) both before and after 
Doxycycline treatment. There was no much difference in Ng expression level between 
the cells before and after Dox induction (Fig.21). Therefore, it was speculated that 
because in the original design Ng was incorporated into the regulatory plasmid (rtTA 
plasmid) to form a single plasmid for transfection, this modified Tet-on system may 
not produce satisfactory inducible expression. In this case, N2A-Ng cell could be 
considered as a cell line over-expressing Ng and therefore be used for ICAT analysis. 
 
4.2 ICAT results 
4.2.1 Protein hits from ICAT analysis 
After ICAT labeling, purification and mass spectrometry, peptides generated 
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were searched against Internaltional Protein Index (IPI) database and a list of protein 











Gag IPI00118848 100 1.832 
MKIAA0098 protein --T-COMPLEX PROTEIN 1, 
EPSILON SUBUNIT. 
IPI00116279 99.378 1.826 
Gag protein--p24 forms inner protein layer of the 
nucleocapsid.  
IPI00466581 99.999 1.814 
25 kDa protein IPI00473458 99.891 1.814 
PREDICTED: similar to 60 kDa heat shock protein, 
mitochondrial precursor (Hsp60) 
IPI00461249 56.155 1.663 
Mus musculus 2 days neonate thymus thymic cells 
cDNA, RIKEN full- length enriched library 
IPI00458583 99.895 1.547 
47 kDa protein IPI00475310 100 1.542 
Aspartate aminotransferase, mitochondrial precursor IPI00117312   
Vimentin  IPI00227299 100 1.414 
Fatty acid-binding protein, epidermal IPI00114162 100 1.34 
Similar to DYSKERIN  IPI00113635 89.311 1.338 
Splice Isoform 2 Of Voltage-dependent anion-selective 
channel protein 1 
IPI00230540 97.29 1.302 
Peroxiredoxin 4 IPI00116254 99.971 1.271 
Hypothetical protein IPI00230623 97.694 1.261 
Similar to 60S ribosomal protein L32  IPI00128267   
Splice Isoform 1 Of Sarcoplasmic/endoplasmic 
reticulum calcium ATPase 2 
IPI00338964 99.801 1.249 
Splice Isoform 2 Of Sarcoplasmic/endoplasmic 
reticulum calcium ATPase 2 
IPI00227866 99.351 1.249 
Similar to 14-3-3 protein tau (14-3-3 protein theta)  IPI00462714 96.164 1.214 
13 kDa protein IPI00474194 67.197 1.162 
40S ribosomal protein S20 IPI00323819   
Malate dehydrogenase 2, NAD IPI00331590 100 1.149 
ATP-citrate synthase IPI00126248 98.828 0.854 
Mus musculus 18-day embryo whole body cDNA, 
RIKEN full-length enriched library, 
IPI00331345 99.994 0.851 
Valyl-tRNA synthetase 2 IPI00130353 48.723 0.837 
Protein kinase, cAMP dependent regulatory, type I, 
alpha  
IPI00119575 51.48 0.779 
Similar to peptidylprolyl iSomeraSe A  IPI00352764 12.316 0.774 
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Mus musculus adult male testis cDNA, RIKEN 
full-length enriched library, clone:4930479 
IPI00225961 99.999 0.756 
Mus musculus 0 day neonate lung cDNA, RIKEN 
full-length enriched library, clone:E03000 
IPI00458744 99.985 0.749 
Lectin, gaLactose binding, soLubLe 1  IPI00229517 100 0.746 
Dihydropyrimidinase related protein-3 IPI00122349 99.605 0.714 
Sid6061p IPI00318204 27.57 0.704 
Beta-centractin IPI00153990 73.581 0.685 
Similar to 3-beta-hydroxySteroid 
dehydrogenaSe/delta-5-delta-4-iSomeraSe  
IPI00379259 90.048 0.682 
Tubulin beta-3 IPI00112251 99.993 0.67 
Tubulin beta-? chain IPI00169463 99.451 0.67 
GTP-binding nuclear protein Ran IPI00134621 80.728 0.646 
Similar to Peptidyl-prolyl ciS-tranS iSomeraSe A 
(PPIaSe) (RotamaSe) (Cyclophilin A)  
IPI00458341 100 0.619 
Similar to Peptidyl-prolyl ciS-tranS iSomeraSe A 
(PPIaSe) (RotamaSe) (Cyclophilin A) 
IPI00378532 100 0.616 
T-complex protein 1, gamma subunit IPI00116283 90.604 0.591 
Mus musculus adult pancreas islet cells cDNA, RIKEN 
full-length enriched library 
IPI00473203 99.88 0.562 
Elongation factor 1-alpha 1 IPI00307837 98.991 0.561 
Splice Isoform 2 Of Heat-shock protein 105 kDa IPI00224109 80.993 0.559 
Splice Isoform 2 Of Heat shock 70 kDa protein 4L IPI00317711 19.929 0.559 
Heat shock protein 4 IPI00331556 78.526 0.559 
Tubulin, alpha 1 IPI00551116 99.74 0.517 
30 kDa protein IPI00271942 99.369 0.517 
Tubulin alpha-4 chain IPI00117350   
Ubiquitin carboxyl-terminal hydrolase isozyme L1 IPI00313962 100 0.515 
Mus musculus 12 days embryo male wolffian duct IPI00466069 100 0.486 
Splice Isoform 1 Of Cellular nucleic acid binding protein IPI00330767 96.078 0.478 
Microtubule-associated protein 1B IPI00130920 92.545 0.272 
AldolAse 1, A isoform  IPI00221402 88.547 0 
Zinc finger X-chromosomal protein IPI00134496 31.306 0 
Similar to APC-binding protein EB1 homolog  IPI00461151 18.919 0 
Table 1 Protein hits from ICAT analysis of N2A and N2A-Ng cells.  
Protein names, Accession number from IPI, Total Ion Score C.I.% and Average ICAT 
ratio (H/L) * of all protein hits derived from MS data were listed.  
The average ICAT ratio higher than 1.5 is labeled in red and set as the up-regulated 
proteins; whereas the average ICAT ratio lower than 0.68 is labeled in blue and set as 
the down-regulated proteins.  
*H/L represents the abundance ratio between heavy (H) isotope labeled proteins 
(N2A-Ng) and light (L) isotope labeled proteins (N2A control). 
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4.2.2 General functions of the protein hits 
In the ICAT study, 55 protein or polypeptides were identified among which 20 
proteins were down-regulated (H/L ratio less than 0.68). The down-regulated proteins 
include microtubule components and associated proteins, protein chaperons, heat 
shock proteins, translation and metabolism related proteins and ubiquitin-proteosome 
system (UPS) proteins. In particular, 8 hits out of 20 down-regulated proteins (40%) 
were either microtubule components or related to microtubule mediated neurite 
outgrowth regulation. 
 
4.2.3 Immunoblots of some of the protein hits in ICAT results 
From the  ICAT results, many of the down-regulated proteins with the ratio less 
than 0.67 are related with microtubule which is important for cell morphology and 
motility. Therefore, some of the proteins hits were selected for immunoblots to 
examine whether there is difference in the expression level between N2A cells and 
N2A-Ng.  
Western blots of a tubulin and Microtubule Associated Protein 1B (MAP1B) 
were carried out in the two cell populations using specific primary antibodies. In order 
to distinguish the expression difference, low quantity of total protein (5 µg) was 
loaded. The data showed that for a tubulin there was no obvious expression difference 
detected by a tubulin (DM1A) antibody; however, MAP1B expression level was 
reduced by 40% in N2A-Ng cells. As the loading control, GAPDH expression level 
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was equivalent in both cell populations (Fig.22).  
 
4.2.4 Cell morphology differs in N2A control and N2A-Ng cells  
N2A control and N2A-Ng cells were cultured and their respective cell 
morphology was observed under inverted microscope. It could be seen from 2-day 
culture images (Fig.23A and B) that a significant portion of N2A control cells 
developed neuron- like neurites. In contrast, Ng transfected N2A cells were obviously 
less differentiated as most of the cells were round-shaped although there were some 
minor protrusions from the membranes and many of those differentiated cells 
displayed spindle- like morphology with far fewer branches than the N2A control cells 
(Fig.23C and D).  
On the other hand, as serum withdrawal can induce N2A cell differentiation 
and neurite outgrowth could be more obviously observed, N2A and N2A-Ng cells were 
serum starved for 24 hr and their cell morphology were recorded. Following serum 
starvation, most of the N2A cells developed long and delicate neurites forming a 
complex network (Fig.24A and B), whereas despite that most of N2A-Ng cells began 
to develop neurites, the neurites were several times shorter than N2A control, not 
being able to form the web like connections (Fig.24C and D). This striking 
morphological difference could be explained by a defect in neurite outgrowth which 
may be accounted for by defect in the cytoskeleton network.  
 
 








Fig.9. Agarose gel electrophoresis of PCR products of 8 clones for pEGFP-Ng 
wild-type construct. Using Ng cDNA primer A/B, plasmids of 8 different clones 
were amplified and run on 1% agarose gel. It can be seen that except for clone 3, all 
the other clones had the 237 bp Ng cDNA insert. The H2O as the negative control has 
no amplification. 
Lane 1- pEGFP-Ng clone 1 
Lane 2- pEGFP-Ng clone 2 
Lane 3- pEGFP-Ng clone 3 
Lane 4- pEGFP-Ng clone 4 
Lane 5- pEGFP-Ng clone 5 
Lane 6- pEGFP-Ng clone 6 
Lane 7- pEGFP-Ng clone 7 
Lane 8- pEGFP-Ng clone 8 
Lane 9- H2O 






1   2   3   4   5    6   7   8   9   M 
237 bp 




















Fig.10. Nucleotide Sequence of pEGFP-Ng wild-type clone 1. Complete Ng cDNA 
is shown in red. HindIII and BamHI are labeled in pink color. The sequence shows 





































Fig.11. RE digestion and PCR screening of pcDNA-Ng wild-type positive clones. 
M represents 100 bp DNA marker.  
 
Lane 1 to 6: RE digestion (HindIII and BamHI) of pcDNA-Ng clone 1, 2, 3, 4, 5, 6. 
Lane 8 to 13: PCR results of Ng insert of clone pcDNA-Ng clone 1, 2, 3, 4, 5, 6 
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Fig.12. ClustalW multiple alignments of pEGFP-Ng wild-type and mutant  (S36A, 
S36D, I33Q) sequences. The mutated site Ser36 is labeled with red rectangular and 
Ile33 is labeled with blue rectanglular. The restriction sites of HindIII and BamHI are 
underlined and indicated by black arrowheads. Sequence alignment shows that Ser36 
(AGT) in wild-type Ng has been successfully mutated into Ala (GCT) in S36A and 































Fig.13. Confocal fluorescence images of HEK293 transfected with EGFP and 
EGFP-Ng wild-type . In EGFP transfected cells, the green fluorescence was evenly 
distributed throughout the cell. In EGFP-Ng fusion transfected cells, the green 


















Fig.14. Ng localization in pcDNA-Ng wild-type transfected HEK293 after 
fixation. 
Panel A: fluorescence image of fixed cells 



















           
 
Fig.15. Confocal fluorescence images of HEK293 transfected with EGFP-Ng 
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Fig.16. Time lapse imaging of EGFP-Ng in HEK293 cell after treatment with 1 
µM PMA.  
Cells were maintained in 2 ml of Hanger’s solution and then replaced with 1 µM PMA 
in 2 ml Hanger’s solution in situ without disturbing the cells. Images were recorded 
upon addition of PMA.  
 
A) 0-1 min upon addition of PMA. 13 images were recorded. Shown are image 1, 4, 7, 
10, 13 
B) 1-5 min upon addition of PMA. 15 images were recorded. Shown are images 1, 4, 
7, 10, 13, 15. 
C) 5-15 min upon addition of PMA. 15 images were recorded. Shown are images 1, 4, 
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Fig.17. Localization of Ng and phosphorylated Ng in pcDNA-Ng wild-type 
transfected HEK293 cells upon PMA treatment. The cells transfected with 
pcDNA-Ng for 1 day was treated with 100 nM PMA for 30 min and fixed. The cells 
were then immunostained with Ng antibody and phospho-Ng antibody.  
 
A, D, G: Fluorescence images 
B, E, H: Transmission images 
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Fig.18. Dot blots of three batches of Ng phosphorylation antibody. In the 3×3 grid, 
the rows from top to bottom were dotted with synthesized phospho peptide (peptide 
460), nonphospho peptide 1 (SIV4022) and nonphospho peptide 2 (SIV4024) of Ng 
protein respectively as indicated. The columns from left to right were loaded with 0.05, 
0.1 and 0.2 µg of peptide in amount. The three grids were hybridized with different 
batch of Ng phosphorylation antibody.  













Nonphospho peptide 1 
Nonphospho peptide 2 
Amount (µg)        0.05     0.1    0.2     0.05    0.1    0.2     0.05    0.1    0.2 
A                    B                    C 





Fig.19A. Phosphorylation of ERK1/2 after 300 nM PMA treatment in HEK293 
transiently transfected with EGFP or EGFP-Ng wild-type. Phosphorylated 
ERK1/2, total ERK1/2, EGFP-Ng level and phosphorylated EGFP-Ng were detected 
with phospho-ERK1/2 (Cell signaling, USA), total ERK1/2 (Cell signaling, USA), Ng 
antibody and phosphor-Ng antibody.  
 
From left to right, lane 1-4 represent EGFP transfected cells treated with 300 nM 
PMA for 0, 10 min, 30 min and 60 min respectively; lane 5-8 represent EGFP-Ng 




























Fig.19B. Phosphorylation of ERK1/2 after 300 nM PMA treatment in N2A control 
and N2A-Ng. Phosphorylated ERK1/2, total ERK1/2 and Ng expression level were 
detected with phospho-ERK1/2 (Cell signaling, USA), total ERK1/2 (Cell signaling, 


















Fig.19C. Pretreatment of N2A-Ng with PKC inhibitor, GF102903X blocks ERK 
phosphorylation. N2A-Ng cells were pretreated with PKC inhibitor, 5 µM 
GF102903X for 30 min or left unpretreated and then incubated with PMA for 3 h. Cell 








 - 84 - 
 
 
Fig.20. Quantification of PMA-induced ERK1/2 phosphorylation in HEK293 
transfected with EGFP and EGFP-Ng wild-type.  
HEK293 cells transfected with EGFP or EGFP-Ng were treated with 300 µM PMA for 
0, 10, 30, 60 min and ERK1/2 phosphorylation were detected using anti 
phosphor-ERK1/2 antibody. For each data set (n=3), the ERK phosphorylation level 
of EGFP at 10 min point was set as 100 (%) and EGFP at the other time points, 
EGFP-Ng wild-type at all time points were quantified as the percent of EGFP at 10 
min point. The bar represents the mean of ERK phosphorylation level (ERK1+ERK2) 
±S.E.M of three independent experiments. 
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Fig.21. Ng detection in N2A control, N2A-Ng and N2A-Ng treated with 0.2 µg/ml 
Dox for 24 hr.  Doxycycline (Dox) was the inducer used in Tet-On system. 100 µg of 
total protein was loaded and detected by Ng antibody. There was no significant 
induced increase in Ng expression after Dox treatment.  
 
Lane 1- 0.1 µg purified Ng protein as positive control 
Lane 2- N2A control 
Lane 3- N2A-Ng clone 1 



















Fig.22. Western blots of a tubulin and MAP 1B in N2A and N2A-Ng.  
5 µg of total protein was loaded and the same membrane was stripped and reblotted 
with different primary antibody (monoclonal a  tubulin DM1A, monoclonal MAP1B, 
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Fig.23. Phase-contrast images of N2A control cells and N2A-Ng cells.  
Images were taken from 2-day cell culture in 75 cM2 flask. All images were acquired 
at the same magnification using a ×20 objective lens. 
A) and B):  N2A  









































Fig.24. Phase-contrast images of N2A control cells compared with N2A-Ng after 
serum starvation. Both cells were serum starved for 24 hr and all images were 
acquired at the same magnification using a ×20 objective lens.  
A) and B): N2A 
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DISCUSSION 
1. Ng localization in the nucleus  
Subcellular localization of genes has been commonly studied employing GFP 
fusion construct after transfection of the gene of interest into mammalian cells. In the 
present study, localization of Ng fused at its N terminal to the EGFP has been studied 
in transfected HEK293 by confocal microscopy. The data showed a predominant 
localization of EGFP-Ng wild-type in the nucleus and a relatively minor localization 
in the cytoplasm. This distribution pattern is reflecting the localization characteristics 
of Ng since EGFP alone as the control is evenly distributed through the cells 
transfected.  
These results may not be an artifact because firstly for each 35 mm dish of 
HEK293 cells, 0.5 µg of plasmid DNA was tranfected which is an amount commonly 
used for localization studies in living cells. On the other hand, FLIP experiments 
showed repetitive photobleaching in one compartment, either the nucleus or the 
cytoplasm of EGFP-Ng wild-type transfected cells did not affect the fluorescence in 
the other compartment, suggesting that the fluorescence in the nucleus and the 
cytoplasm is not a continuous identity or the nuclear localization of Ng is not caused 
by free diffusion of the protein but a real reflection of Ng characteristics. Also 
antibody staining of pcDNA-Ng wild-type transfectants confirmed this localization 
pattern, suggesting EGFP-Ng fusion construct behaved faithfully as the Ng did.  
The previous investigations on Ng localization showed Ng accumulated 
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throughout the perikaryal and dendritic cytoplasm and Western blots showed Ng was 
predominantly a cytosolic protein but was found in lower amounts in 
membrane-enriched microsomes and synaptosomes (Watson et al., 1994). Other 
studies reported Ng was associated with the eurochromatin in the nucleoplasm in 
neostriatal neurons (Watson et al., 1992). The nuclear localization in neostriatal 
neurons is consistent with our results in Ng transfected HEK293 cells.  
Since Ng is a small protein (7.8 kDa) and it does not have any putative nuclear 
localization signal (NLS) which is found in many nuclear targeting proteins, this 
nuclear localization of Ng may suggest Ng plays some role in the nucleus, possibly 
involved in yet unknown transcription regulation mechanism. Additionally, the three 
Ng mutants (S36A, S36D and I33Q) which either abolished PKC phosphorylation or 
affected CaM binding affinity in vitro showed a very similar bipartite distribution, 
which implies neither Ser36 nor Ile33 are critical residues for the nuclear localization.  
 
2. PMA treatment and Ng localization 
Ng can be phosphoryated by PKC in vivo, which could be easily achieved by 
PMA stimulation, therefore we sought to explore whether Ng distribution pattern 
changes during PKC activation in the cells. Our data showed in EGFP-Ng wild-type 
transfected HEK293 cells the intense nuclear localization of the fusion protein did not 
change after PMA treatment. Neither did the Ng expressed in pcDNA-Ng wild-type 
transfected cells detected by immunostaining using both Ng antibody and 
phosphor-Ng antibody.  
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Since the conventional idea about PKC is that it will undergo translocation 
from the cytosol to the plasma membrane once activated, it is natural to think Ng as 
the substrate protein may possibly translocate to the plasma membrane too. However, 
we did not observe this translocation event. Thus it is interesting to ask why there is 
no corresponding translocation of Ng following PKC activation. Before discussing 
about that, it is necessary to find out which PKC isoforms are expressed endogenously 
in HEK293 cells and how they translocate respectively after being activated.  
Up to now at least 10 isoforms of mammalian PKCs have been identified and 
could be divided into three groups: conventional PKC (cPKC) a, ß, r, novel PKC 
(nPKC) delta, epsilon, eta, theta and atypical PKC (aPKC) zeta and iota/lambda 
(Newton, 2001). In HEK293 cells the main PKC subtypes are cPKC a, ßI, ßII and 
delta whilst PKCr, epsilon and zeta showed little immunoreactivity (Leaney et al., 
2001).  
Because Ng can be phosphorylated by PKCa, ß and r in vitro (Huang et al., 
1993), it may as well be phosphorylated by these PKC isoforms in vivo, which is 
mainly PKCa, ß in HEK293 cell. Our data showed Ng was primarily localized in the 
nucleus after transient transfection into HEK293 cells and upon PMA treatment 
phosphorylated Ng still remained in the nucleus as demonstrated by the time lapse 
imaging of EGFP-Ng and immunostaining of pcDNA-Ng transfected cells. These 
findings may suggest that specific PKC isoform translocates into the nucleus upon 
PMA stimulation where Ng is phosphorylated locally and remains in the nucleus. 
Additionally, it could be deduced that after PKC phosphorylation the 
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unphosphorylated portion of Ng in pcDNA-Ng transfected cells did not translocate 
anywhere else as Ng antibody which detects both phosphorylated and 
unphosphorylated Ng gave the same result as phosphor-Ng antibody which detects 
only phosphorylated Ng. If a significant part of the unphosphorylated Ng translocates 
outside of the nucleus, Ng fluorescence is likely to be an even distribution inside and 
outside of the nucleus.  
On the other hand, people have reported differential targeting of different PKC 
isoforms in response to various stimuli. PMA, as a substitute for DAG can bind to C1 
domain of PKC and the activated PKC then translocates to specific cellular 
compartment to exert its role. Using GFP technology, the dynamic movement of 
GFP-tagged PKC isoforms in living cells could be visualized and PMA has been 
found to induce irreversible membrane targeting of full length PKCa (Almholt et al., 
1999), ßII (Feng et al., 1998), r (Sakai et al., 1997; Oancea et al., 1998), delta 
(Ohmori et al., 1998; Wang et al., 1999), or epsilon (Kashiwagi et al., 2002). However, 
endogenous activated PKC isoforms in living cells have been found to translocate to 
some other compartments except cell membrane. For example, using fluorescently 
tagged PMA as a probe for PKC and antibody staining, activated PKCa was found to 
translocate to the cell periphery whereas PKCßII translocated to the nucleus and the 
PKC activity in the nuclear fractions detected by exogenous and endogenous protein 
substrates was increased (Godson et al., 1996). Therefore, it is conceivable that under 
physiological conditions, different PKC isoforms upon activation may translocate to 
different subcellular compartments to phosphorylate and regulate different signaling 
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processes.  
The literature about PKC targeting in living cells lead us to think in our studies 
specific PKC isoform upon activation might translocate to the nucleus where Ng is 
locally phosphorylated. It would be interesting to further explore using PKC isoform 
specific antibody that what specific PKC isoform translocates into the nucleus and 
what phosphorylated Ng actually does in the nucleus.  
 
3. Ng and ERK MAPK pathways 
In the current study, PMA induced ERK1/2 phosphorylation in both EGFP 
transfected cells and EGFP-Ng wild-type transfected cells of HEK293, which is 
probably caused by phosphorylation of the upstream kinase Raf-1 by PKC. The 
Raf/MEK/ERK pathway is a well established ERK pathway which can be regulated 
by PKC. 
Interestingly, our data showed Ng expression in HEK293 cells led to a 
transient extra increase of phosphorylated ERK1/2, which indicates Ng could 
contribute to the activation of ERK1/2. The extra increase of ERK1/2 by PMA 
stimulation might be explained in two ways: first, Ng phosphorylation in the cells 
increases the intracellular Ca2+ which would further increase ERK activation. Previous 
studies have shown Ng phosphorylation and oxidation could lead to intracellular Ca2+ 
increase in Xenopus oocyte (Cohen et al., 1993; Watson et al., 1996) and N2A 
neuroblastoma cell line (Yang et al., 2004); second, it is also possible that 
phosphorylated Ng affects ERK activation indirectly by some unknown protein 
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interacting or regulated by Ng that could affect the upstream components of ERK.  
In addition, this transient enhanced fold increase in ERK phosphorylation 
induced by PMA treatment in Ng transfected mammalian cells seems to be associated 
with Ng phosphorylation and its CaM binding ability because preliminary data on Ng 
S36A and I33Q mutants transfected cells showed different patterns from the wild-type 
Ng. Compared with Ng wild-type, PMA induced a less increase of ERK 
phosphorylation in Ng S36A and a higher increase of ERK phosphorylation in Ng 
I33Q. Future work will confirm the difference in PMA induced ERK phosphorylation 
in wild-type and mutant transfected cells respectively.  
 
4. Ng and its possible role in regulating neuritogenesis 
The results of ICAT analysis in Ng expressed neuroblastoma cell N2A revealed 
downregulation of microtubule components, microtubule associated proteins and 
proteins related to microtubule assembly and stabilization, which may suggest 
possible defects in the cytoskeleton network of Ng expressed cells.  
By looking at the morphology of N2A control cell and Ng expressed cells, we 
found Ng expressed N2A cells got a less differentiated shape. A simple protocol of 
serum withdrawal induced cell differentiation also showed a retarded neurite 
outgrowth in Ng expressed cells. Therefore, the ICAT data combined with the reduced 
extent of neurite extention in Ng transfected cells made us speculate about Ng playing 
a role to affect neuronal differentiation via regulation of microtubule and associated 
proteins.  
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It is arguable that over-expression of a protein in cells may bring out 
misleading physiological phenotype. As for the physiological concentration of Ng, it 
was reported to be about 160-370 pmol/mg total protein in the hippocampus of adult 
rat brain (Huang et al., 2004), which is about 0.12%-0.28% in percentage. 
Considering that this estimation takes into account of the glia cells which do not 
express Ng, the concentration of Ng in Ng expressed neurons should be even higher. 
In our study, the expression level of Ng in neuroblastoma N2A cells is around 0.1%, 
which is close to the physiological concentration; therefore the displayed deficit in 
neuritogenesis may not be a misleading outcome of over-expression.  
In the following part, we will discuss about how microtubule network 
regulates neurite growth processes. The findings about some of the microtubule 
related protein hits identified in our ICAT experiments will be covered. 
 
4.1 Relationship of microtubule and associated proteins with neurite growth 
In the classic view microtubules play important roles in providing a scaffold 
for vesicle transport; however, recent studies in neuritogenesis have displayed 
microtubules as an important player in neurite initiation, morphogenesis and growth 
cone turning processes. In definition, neurites (including both axons and dendrites) are 
thin, elongated, dynamic, microtubule-based cell protrusions which form by active 
outgrowth from the cell body and terminate in a dynamic, actin-rich growth cone 
(Dehmelt and Halpain, 2003). On one hand, transport of specific signaling proteins 
down microtubules is critical for neurite initiation; on the other hand, microtubule 
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dynamics in association with actin dynamics regulated by microtubule-associated 
proteins (MAPs) and a series of other proteins are required for neurite elongation. At 
the beginning of neurite formation, microtubules accumulate in an ordered way at the 
broadened initiation sites and gradually move away from the cell body, forming into 
bundles along the way and the neurite grows and becomes thinner with the tip 
transforming into growth cone (Tang and Goldberg, 2000; Dehmelt et al., 2003).  
Using Fluorescence Speckle Microscopy (FSM), people have observed 
microtubule dynamic instability and microtubule translocation in growth cones of 
cultured neurons (Dent et al., 1999; Zhou et al., 2002; Schaefer et al., 2002). It has 
also been demonstrated in neurons that microtubule dynamics is required for growth 
cone turning, a path-finding behavior of the growth cones in response to the 
extracellular signals.  
 
4.1.1 MAPs 
In 1980’s M. Kirschner and T. Mitchison (1986a, b) proposed cell polarization 
including neuron cytoplasmic extension is the consequence of selective stabilization 
of microtubules. They suggested in selected regions, microtubules became more stable 
and as a result cytoplasmic extension occurred. MAP1B along with other 
microtubule-associated proteins (MAP) like MAP1A and MAP2 act as such 
microtubule stabilizer in the neurons. MAP1B is the first neuronal MAP to be 
expressed in neurons (Crino et al., 1997; Cheng et al., 1999) and its expression 
decreases gradually during brain development (Schoenfeld et al., 1989). MAP1B has 
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unique alternative splicing phenomenon giving rise to various isoforms. In neuron cell 
cultures from a MAP1B hypomorphous mouse line, the neurons bore shorter axons 
than in wild-type controls (Gonzalez-Billault et al, 2002). Antisense MAP1B in 
neuron- like cell PC12 caused an impairment of NGF-induced neurite outgrowth 
suggesting MAP1B may be required for neuritogenesis (Brugg et al., 1993). Ablation 
of a Drosophila MAP1B orthologue, futsch by genetic methods indicated the protein 
is essential for both dendritic and axonal development. Furthermore, futsch is required 
for establishment of neuronal cytoskeleton and regulation of normal synaptic growth 
(Hummel et al, 2000; Roos et al, 2000). It also appears that the amount of MAP1B in 
neurons is tightly regulated and the absence of only residual levels of MAP1B could 
result in defective axonogenesis. In contrast, over-expression of MAP1B could also 
produce pathological defects and has been associated with X-chromosome linked 
mental retardation (Zhang et al., 2001; Lu et al., 2004)  
MAP1B could be phosphorylated through two modes I and II: Mode I MAP1B 
phosphorylation is done by proline-directed protein kinases (gsk3 and cdk5); mode II 
is done by casein kinase II (Avila et al., 1994). Phosphorylation of MAP1B can 
modify cross-bridges with microtubules (MTs) in vitro (Sato-Yoshitake et al., 1989). 
In addition to stablization of microtubules, MAP1B and especially mode I 
phosphorylation form is important for microtubule dynamics control (Lucas et al., 
1998; Goold et al., 1999). Results from MAP1B loss-of- function neurons cultured in 
vitro generated from a MAP1B hypomorph mouse line showed a decrease of 
tyrosinated microtubules in the distal part of the axons (Gonzalez-Billault et al., 2001). 
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This represented a decrease of dynamic microtubule components in the grow cone 
which should be normally in the microtubule stability gradient (low in distal part of 
axons and high in proximal part), thereby inhibiting axonal growth. Besides, MAP1B 
phosphorylation was also important for growth cone turning behavior. MAP1B can 
interact also with actin microfilaments mainly in the growth cone thus controlling 
actin dynamics in the neurons.  
 
4.1.2 ßIII tubulin 
Tubulin, a kind of nucleotide triphosphatase consists of mainly alpha and beta 
subunits: each subunit exists in several isoforms and to date six a- and seven 
ß-tubulins have been identified in mammals and birds (Luduen.a, 1998). Microtubules 
grow and shrink by end-polymerization of aß heterodimer subunits and microtubules 
are polar structure with the fast-growing end being the + end and slow-growing end 
being – end. Microtubules constantly undergo elongation and shrinking, the energy of 
the latter coming from the hydrolysis of GTP bound to ß tubulin. In addition, six out 
of the seven ß tubulin isotypes are found in nervous tissue but only ßIII is known as 
almost expressed by neurons.  
Although the precise function of ßIII tubulin is not known, the distinctive 
neuronal distribution of ßIII tubulin in normal mammalian embryogenesis could 
provide some information on its roles. ßIII tubulin isotype is highly conserved during 
evolution which underlies its important function. During neurogenesis, the expression 
of ßIII tubulin increases along with total polymerized microtubule levels (Haendel et 
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al., 1996) and incorporation of ßIII tubulin into microtubules is concomitant with the 
expression of neuronal MAPs and the development of dendrites and axons (Burgoyne 
et al., 1988; Ferreira and Caceres, 1992). Also, different isotypes of ß tubulins vary at 
the carboxy terminus, which is the region involved in MAP binding and therefore ßIII 
tubulin may contribute to the association between specific MAPs and microtubules 
(Burgoyne et al., 1988). In P19 embryonal carcinoma cells induced to differentiate 
into neurons, ßIII expression level increased and associated with unstable microtubule 
in contrast to ßII that accumulates in stable microtubules. This finding is especially 
intriguing in developing neurons where the microtubules have to maintain certain 
level of dynamics in the face of large amount of stabilizing MAPs being expressed.  
 
4.1.3 Adenomatous polyposis coli (APC) and End binding protein-1 (EB1) 
Adenomatous polyposis coli (APC) is a tumor suppressor protein which 
mediates ß-catenin degradation in the Wnt/singles signaling pathway and is mutated in 
many colorectal tumors (Fearnhead et al., 2001). APC binds to the plus end of 
microtubules and regulates their stability (Zumbrunn et al., 2001).  
End binding protein-1 (EB1) was firstly identified as an APC-binding protein 
from yeast two-hybrid experiments (Su et al., 1995) and it also binds at the plus end 
of cytoplasmic microtubules in an APC-independent way as EB1 could still bind 
microtubules in the absence of functional APC (Berrueta et al., 1998; Morrison et al., 
1998). The interaction between EB1 and APC has been shown to have a potent 
synergistic effect on microtubule polymerization. Neither of EB1 or APC alone has 
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this effect. It is thought that EB1 targets APC to the plus ends of microtubules, where 
APC promotes microtubule polymerization. This process is regulated by APC 
phosphorylation by Cdc2, which disrupts APC-EB1 binding. In MAP1B deficient 
hippocampal neurons derived from hypomorphous mouse line, transfection of EB1 
into the neurons recovered the axonogenesis thereby complementing the absence of 
MAP1B (Jiménez-Mateos et al., 2005).  
 
4.1.4 Elongation factor 1A 
Elongation factor 1A (EF-1a, eEF1A) is a highly abundant ubiquitous 
G-protein whose main function is to direct aminoacyl-tRNAs to the A-site of the 
ribosome during protein translation. However, it has more functions other than protein 
translation. EF1A has been reported in many systems to interact with cytoskeleton. 
EF1A was first shown to bind and bundle actin component of cytoskeleton (Edmonds 
et al., 1995; Liu et al., 1996). Further,  it was reported to bind, stabilize and promote 
the assembly of microtubules in vitro (Ohta et al., 1988; Kuriyama et al., 1990; Durso 
and Cyr, 1994a, b; Moore et al., 1998) and localized with microtubule arrays of plant 
cells in situ, acting like a MAP (Hasezawa and Nagata, 1993; Durso et al., 1996; 
Hasezawa et al., 1997). Overexpression of eEF1A in yeast did not affect the rate of 
accuracy of protein synthesis but affected the cell morphology and budding. eEF1A 
overexpression resulted in dose-dependent reduced budding and altered actin 
distribution and cell morphology, demonstrating a connection between eEF1A and 
actin dynamics in vivo. On the other hand, based on the observation of EF1A 
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associating with microtubules in living plant cells, two microtubule-binding domains 
were identified in EF1A, differing in their ability to regulate microtubule bund ling and 
in their responsiveness to acidic conditions (Moore et al., 2000).  
From the evidences of EF1A participating in regulation of cytoskeleton and 
thus cell morphology, the reduced level of EF1A in Ng transfected N2A cells may be 
part of the reasons for the extensive decrease in neurite formation.  
 
4.1.5 T-complex protein1 
The TCP-1 protein (Tailless Complex Polypeptide 1) has been found and 
characterized in many animal species, which is a highly conserved protein of about 60 
kDa. Six to eight different but evolutionarily related TCP-1 proteins are subunits of 
cytosolic heteromeric protein complexes referred to as chaperonins. The chaperonins 
can bind to newly synthesized actin and tubulin in vitro and can convert these proteins 
into an assembly-competent state. (Chen et al., 1994)  
 
4.1.6 Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCH-I1) 
Ubiquitin carboxy-terminal hydrolase isozyme (UCH-I1) is selectively 
expressed in the nervous system and testis in mammals. It is one of the most abundant 
proteins in the brain and represents 1-2% of total soluble brain proteins. UCH-I1 is a 
thiol protease that recognizes and hydrolyzes a peptide bond at the C-terminal glycine 
of ubiquitin in ubiquinated proteins and ubiquitin precursors, thus thought to stimulate 
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protein degradation by generating free monomeric ubiquitin. A gracile axonal 
dystrophy (gad) mouse mutant contains  an in-frame deletion of UCH-I1 exon 7 and 8. 
The gad mutation appears to affect protein turnover and it is characterized by 
‘dying-back’ type axonal degeneration and formation of spheroid bodies in nerve 
terminals (Saigoh et al., 1999). This degeneration may be the result of reduction in 
axonal ubiquitin available for ubiquitin-proteasome pathway (UPP) which is 
important for axon outgrowth and maintenance in vivo (Osaka et al., 2003). In 
addition, some polymorphic forms of UCH-I1 have been linked with Parkinson’s 
Disease (PD). A mutation (I93M) was associated with a rare early-onset form of PD, 
while polymorphism S18Y was indicated to reduce the risk of PD (Healy et al., 2004). 
 
4.1.7 Cyclophilin A (CypA) 
Cyclophilin A (CypA) is cis-trans isomerase of proline bonds in proteins. It is 
a cytoplasmic protein and known for its involvement in T-cell differentiation and 
proliferation. CypA could be incorporated into HIV virion via interaction with viral 
protein GAG (Franke et al., 1994), but whether CypA assists in or interferes with host 
anti-virus system still remains debatable. On the other hand, although CypA has a 
pivotal role in the immune response, its function in other signaling pathways is largely 
unknown. In P19 EC (embryonic carcinoma) cells which could be induced into 
neuron- like cells by retinoic acid (RA), CypA translocated into the nucleus and could 
form a complex with the retinoblastoma susceptibility gene product, p105Rb (RB) 
which is an important regulator in the control of cell proliferation, differentiation, and 
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apoptosis. What’s more, the complex formation correlated with RA induced neuronal 
differentiation. Inhibition of CypA expression resulted in repression of both the 
hypophosphorylated RB and the neuron-specific differentiation marker, class III beta 
tubulin (Chiu et al., 2003). Combining evidences showing CypA immunoreactivity in 
the cell body as well as dendritic spines of neurons (Goldner et al., 1996), CypA may 
play such important roles yet not very clear currently in neurons as regulation of 
neuronal differentiation, protein folding (Schmid et al., 1986; Steinmann et al., 1991), 
maturation and insertion of neurotransmitter gated ion channels (Helekar et al., 1994) 
 
4.1.8 Ran GTPase 
Ran GTPase belongs to the Ras protein family and is a multifunctional protein. 
Ran GTP is restricted only in the nucleus whereas it is converted to RanGDP in the 
cytoplasm. Ran-GTPase networks are involved in nucleocytoplasmic transport, 
regulation of microtubules at mitosis, cell-cycle control and nuclear envelope 
assembly after mitosis. RanGTP:RanGDP ratio seems to be a critical point for the 
adjustment of Ran’s various cellular functions. However, more details of this protein 
are still unknown.  
In conclusion, our proteomics data generated a list of proteins whose 
expression was affected in Ng expessed neuroblastoma cells. Among the 
down-regulated proteins, 40% are microtubule components or microtubule associated 
proteins, indicating that Ng may be involved in neurite formation processes. However, 
these results need to be further confirmed, for example using standard differentiation 
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induction protocol (retinoid acid induced neuron differentiation) and detecting 
whether there is still difference of expression between control cells and Ng expressed 
cells. It is also worthwhile to analyze the protein profiles again by ICAT using the 
differentiated Ng expressed cells and control cells in order to further explore the 
influence of Ng on neuronal differentiation. At least, the data conveyed us a message 
that Ng may have many other aspects of functions which have not yet been discovered. 
As a matter of fact, Ng has also been found to be up-regulated in cytokine IL-2 
deprived T-cell apoptosis and proposed Ng as a proapoptotic factor (Devireddy and 
Green, 2003). Still some of the proteins in the ICAT list are with unknown functions 
or functions difficult to interpretate, like the upregulated protein Gag with the highest 
ICAT ratio since Gag is a structural protein of HIV virus. Many experiments need to 
be designed to validate the ICAT data.  
 
5. Postulations about Ng functions in the neurons  
Based on the capability of Ng to regulate the availability of CaM in response 
to Ca2+, Ng has been proposed to control Ca2+/CaM dynamics and thus coordinate the 
many Ca2+/CaM-dependent signaling pathways in the neurons (Gerendasy et al., 1997, 
1999; Huang et al., 2004). In resting neurons, Ng forms a high-affinity complex with 
CaM; when a sudden rise in [Ca2+] caused by an influx through NMDA receptors or a 
voltage-gated Ca2+ channel, Ca2+ replaces Ng from the CaM and forms Ca2+/CaM 
complex. Besides activation of NMDA receptor, LTP requires the activation of the 
metabotropic glutamate receptor and consequent generation of diacylglycerol (DAG) 
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and inositol 1, 4, 5-trisphosphoate (IP3). In the presence of sufficient Ca2+, DAG 
activates PKC, which subsequently phosphorylates Ng. On the other hand, IP3 binds 
to the IP3 receptor and the internal Ca2+ is mobilized, which at the same time amplify 
the initial increase in intracellular Ca2+. The extent to which internal Ca2+ is mobilized 
is dependent on the Ca2+ concentration in the cytoplasm.  
When Ng gets phosphorylated, the binding affinity for CaM dramatically 
drops and CaM becomes increasingly available to CaM-dependent enzymes. The 
Ca2+/CaM complex could then activate CaMKII/IV, adenylyl cyclase and nitric oxide 
synthase et al. which are required for the maintenance and later stages of LTP. When 
most of the increased Ca2+ is buffered by CaM, PKC activity and IP3 receptor 
sensitivity decrease. However, neuronal phosphatase such as calcineurin which has 
small dissociation constants for Ca2+/CaM tend to remain high in activity even when 
Ca2+ decreases. Subsequently Ng is dephosphorylated by calcineurin directly or by 
protein phosphoatase 1 which is activated through calcineurin dephosphorylated 
inhibitor 1 and Ng rebinds CaM reducing its availability and returns the system back 
to before, thus realizing the homeostatic regulation. 
Despite the abovementioned signaling regulation function, Ng may possibly 
have functions in other aspects still via Ca2+/CaM regulation or via its interaction with 
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